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Abstract 
Skeletal nonmetric traits have been used since the 1960s in genetic distance analyses, 
largely ignoring the potential for intertrait correlation. Using a skeletal population sample 
from the Dakhleh Oasis, Egypt, this thesis tests the null hypothesis that intertrait 
correlation is not occurring in the population at a significant level. Additionally, this 
thesis tests whether the odds ratio is a suitable statistical test for intertrait correlation. 
Using the phi coefficient and odds ratio, pairwise comparisons between 39 cranial 
nonmetric traits were calculated. The results of the statistical analysis show that intertrait 
correlation is occurring in the Dakhleh Oasis at a significant level, meaning that intertrait 
correlation should be tested for in genetic distance studies using nonmetric traits. The 
odds ratio is found to be a suitable test for intertrait correlation, and is most helpful when 
combined with the use of the phi coefficient.  
Keywords 
Intertrait correlation, intertrait association, nonmetric traits, epigenetic traits, genetic 
distance studies, phi coefficient, odds ratio, Dakhleh Oasis 
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Chapter 1 
Statement of Problem 
1.1 Introduction and Statement of Problem 
The subfield of bioanthropology had its genesis in the study of human population 
affinities (previously known as races) and origins. Originally, morphometrics 
dominated the field of bioanthropology until it was realized that metric traits were 
the result of an interaction between genes and the environment. This focus 
ultimately seemed at odds with the Mendelian revolution (via blood group 
polymorphisms) that dominated the field post-World War II. Washburn expressed 
this paradigm shift in his article “The New Physical Anthropology” (Washburn 
1951). He challenged bioanthropologists interested in paleopopulation genetics 
because their affinity estimates using craniometrics were flawed as a result of the 
gene-environment etiology in the development of metric traits. That is, differences 
computed between population samples did not necessarily reflect true genetic 
differences because of the role of the environment.  
 
In the 1960s, a major shift occurred in paleopopulation genetics research with the 
advent of analysis of nonmetric skeletal traits, which were thought to mimic 
simple Mendelian inheritance patterns. As a result of the new paradigm shift, 
nonmetric traits were seen as ideal for research into paleogenetics. This genetic 
interpretation was, in part, developed via experiments on the house mouse, Mus 
musculus, by Grüneberg (1952). In the late 1960s, Berry and Berry published 
their foundational article, which advocated for the use of nonmetric traits for 
comparing past population samples, noting several advantages that these traits 
had over craniometric traits (Berry and Berry 1967). These advantages included 
the fact that nonmetric traits were: genetic in their development, independent of 
age and sex, were scored easily and could be studied on fragmentary remains 
(conversely, metric traits require near perfect preservation), and were 
independent of each other, meaning that many traits could be used to represent 
past genomes. Metric traits by nature were highly correlated (e.g. head length is 
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highly correlated with head height and width, etc.). In the years following Berry 
and Berry’s publication, researchers realized that continuous or nonmetric traits 
with the environmental/polygenetic mode of expression were well-suited for 
paleopopulation genetics because they are less affected by allele drift, flow, and 
selection than metric traits. Biodistance statistics were developed (e.g. the 
Mahalanobis D2) and a major component of these statistics was to de-correlate 
traits that were used in computation of biodistance statistics. At the same time, it 
was shown that nonmetric traits also had a multifactorial mode of development 
and that many of the assumptions outlined by Berry and Berry (1967) did not hold 
with further testing (Hertzog 1968; Ossenberg 1969; Corruccini 1974; Molto 
1983).  
 
The assumption of intertrait independence of nonmetric traits has been the least 
tested aspect of Berry and Berry’s (1967) model, despite it being the most vital. 
Using significantly correlated traits provides redundant genetic data that can 
potentially lead to statistical errors, particularly Type I (or ‘false positive’) errors. 
To date, though several researchers have addressed the issue of intertrait 
independence, generally the sample sizes have (like Berry and Berry’s) been 
inadequate and there has not been a major study focusing specifically on this 
issue, despite its vital importance.  
 
It is the purpose of this thesis to address this hiatus in research by examining 
intertrait correlations in a select battery of nonmetric cranial traits in a large 
population sample from the Dakhleh Oasis, Egypt. The primary null hypothesis 
(Ho) tested is that ‘intertrait correlation between nonmetric cranial traits is not 
significant beyond that expected by chance’ and that a large number of these 
traits can be pooled to compute biodistance coefficients (e.g. mean measures of 
divergence) between past population samples.  
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1.2 Thesis Format 
This thesis is divided into six chapters. Chapter 2 discusses the history of 
nonmetric trait research as well as the current state of the field and what work is 
being done. The chapter also highlights intertrait correlation studies in the past – 
both studies that have included intertrait correlation and studies that have 
discounted it. Chapter 3 provides a detailed list of all 39 traits being included in 
the research project, broken down by trait type, and the methods used to score 
the traits. For each trait, a detailed description is given, as well as any information 
about heritability of the trait or sex or age differences that have been found in 
previous research. Chapter 4 presents the sample and the methodological 
approaches used to assess levels of intertrait correlation in the population, as 
well as breaking the sample down into smaller subsets for study. Chapter 5 
provides the results of the statistical analyses, highlighting areas where intertrait 
correlation occurs at a higher level than would be expected by chance. Lastly, 
Chapter 6 concludes with a discussion based on the results and their 
significance, as well as applications to the greater bioarchaeological community.  
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Chapter 2 
Background 
2.1 Introduction 
This chapter provides a brief background on nonmetric trait research, highlighting 
major developments in the field and the current state of research. Of particular 
focus is research in the field of intertrait correlation and how this research can 
contribute to the existing body of literature. In this chapter I will discuss the 
historical background of nonmetric trait research, genetic studies in mice, 
anthropological studies, intertrait correlation studies, and I will finish by reiterating 
the statement of problem and research question for this project.  
 
Nonmetric skeletal traits are minor skeletal variants that are visually scored as 
either present or absent (though in some cases a greater number of categorical 
scores may be established). Over 200 nonmetric skeletal traits have been 
observed on the skull alone (Ossenberg 1976). Although nonmetric traits are 
traditionally scored as present or absent, the traits can present in multiple 
degrees of expression. The term ‘nonmetric trait’ simply means that the traits 
cannot be measured precisely, as opposed to metric traits such as skull length 
and width, which can be incrementally measured. Nonmetric traits are assumed 
to be largely under genetic control, making them suitable for population and 
genetic distance analyses. Nonmetric traits have many different names in the 
literature, including minor skeletal variants, quasi-continuous traits, discrete traits, 
discontinuous traits, epigenetic traits, and atavisms, to name a few (Saunders 
and Rainey 2008).  
 
2.2 Historical Background 
Nonmetric traits have been observed for centuries, beginning with the ancient 
Greeks and early European anatomists. Early on, however, these traits were only 
recorded for descriptive and classification purposes (Ossenberg 1969). 
Nonmetric traits were first described as curious anatomical features, assumed to 
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cluster in population groups (Saunders and Rainey 2008). Many skeletal variants 
were considered to be evolutionary vestiges of more primitive forms, or features 
seen in lower mammals (Saunders 1978).  
 
Beginning in the early 20th century, extensive anatomical research on nonmetric 
traits was conducted, though the studies remained largely descriptive. Le Double, 
a French anatomist, published descriptions of the variations of the cranium, face, 
and spine (Le Double 1903; 1906; 1912). Later on, in the 1930s and 1940s, other 
researchers produced descriptive volumes published on specific cranial traits or 
the morphological characters observed on the skeleton in different populations 
(Wood-Jones 1931a; 1931b; 1931c; 1933; Akabori 1934). These early studies, 
while contributing a great deal to the body of knowledge on nonmetric traits, 
demonstrated a lack of consistency and standardization in reporting, and not a 
great deal of attention was paid to factors such as side of the body, sex, age, or 
population differences in trait incidence (Saunders 1989). Although these factors 
were not generally included in analysis, Akabori (1934) did include both age 
variation and sex and side difference in his comprehensive study of 
approximately 400 modern Japanese crania, the first study of its kind. Prior to 
genetic studies being conducted in mice in the 1950s, the largest contributions to 
nonmetric trait research were these descriptive volumes, which provided the 
foundation for further trait description in human populations.  
 
Some early studies in the late 1800s advanced the polygenic hypothesis, in 
which the presence of nonmetric traits was used to hierarchically rank the races 
of Man in terms of primitiveness according to the theory of recapitulation 
(Saunders 1989). These polygenic studies were thought to be the first studies 
that used trait frequencies for population comparisons. After the theory of 
recapitulation was rejected, the number of trait studies diminished until genetic 
studies of the mouse led to a resurgence in nonmetric trait analysis in the 1960s 
and 1970s (Saunders 1978).  
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2.3 Genetic Studies in Mice 
In the 1950s, a series of articles published by Hans Grüneberg entitled “Genetical 
Studies on the Skeleton of the Mouse” led to a shift in the type and number of 
nonmetric trait analyses being conducted. This model had a major influence on 
human nonmetric trait studies because it provided the theoretical foundation for 
the study of morphologically analogous traits in humans (Prowse 1994). 
Grüneberg observed that a large amount of skeletal variation in mice that had 
been inbred for generations had relative frequencies which varied from zero to 
complete penetrance (Grüneberg 1952). Genetic experiments were conducted in 
order to learn more about the type of inheritance that the traits followed. The 
results showed that no simple genetic interpretation of the occurrence of these 
traits was possible (Saunders 1978).  Grüneberg (1952) proposed that the 
unusual genetic behaviour that he was observing was a result of phenomena that 
tend to arise near the extremes of continuous distributions, though the specific 
distributions had not been identified. He called these distributions quasi-
continuous, and cited the absence of the third molars in the mouse as an 
example. He stated that the distinction between normal and abnormal (tooth 
presence versus tooth absence) is an easy one to make, but that the occurrence 
of the trait arises as a result of a continuous variable, that of tooth rudiment size. 
This variable is the result of the influence of multiple genes with additive effects. 
As the size of the tooth decreases, the probability of the tooth being altogether 
absent increases, meaning that the threshold for trait expression is not genetic, 
but physiological.  
 
Grüneberg advanced a set of criteria that can be used to recognize quasi-
continuous characters in the skeleton. The first criteria were based on the 
assertion that a continuous distribution includes a physiological threshold, and 
the continuous distribution can take any value surrounding that threshold. He 
asserts that there are both various stable levels of abnormality and various stable 
levels of normality (Grüneberg 1952:108). However, although Grüneberg 
believed that there are multiple levels of normality, he stated that these levels 
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could not be distinguished from one another because they result in appearance 
of the ‘normal’ phenotype. The second set of criteria for recognition of quasi-
continuous traits is based on the fact that the environment influences continuous 
distributions both pre- and post-natally, and that the effects of multiple genes are 
additive (Grüneberg 1952:108).  
 
Finally, Grüneberg concluded that the additiveness of the gene effects and 
sensitivity of the traits to environmental factors may actually be a result of the fact 
that ‘multiple gene effects’ as they were traditionally viewed may actually be a 
combination of remote gene effects. Grüneberg pointed out that the ‘multiple 
gene effects’ might in fact be a result of the researcher’s arbitrary choice of 
parameters to measure. Since every measurement involves an element of 
choice, the theories of multiple gene inheritance may be a result of the 
researcher’s choice of parameters rather than inherent genetic causes 
(Grüneberg 1952:113). Grüneberg’s genetic studies in mice laid the foundation 
for all future anthropological study of genetic distance through analysis of 
nonmetric traits.  
 
2.4 Anthropological Studies 
In 1967, Berry and Berry published their work “Epigenetic variation in the human 
cranium”, which is widely accepted as the stimulus for genetic distance studies in 
humans using nonmetric traits. This paper stemmed largely from Grüneberg’s 
research on quasi-continuous genetic variants in mice, and applied the same 
principles to human traits (Berry and Berry 1967). Berry and Berry described and 
illustrated in detail 30 epigenetic variants (also known as nonmetric traits) on the 
cranium, some of which are used in this research project. There were three 
reasons given for the belief that these variants are genetically determined: (1) 
previous family studies on some traits had shown them to be inherited, (2) 
research had shown that the frequency of any particular trait is constant in a 
given population and similar in related populations, and (3) Grüneberg’s studies 
demonstrate that quasi-continuous traits are genetically determined in mice 
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(Berry and Berry 1967:361-362). Berry and Berry conducted one of the first 
nonmetric trait studies in humans to determine genetic distance, analyzing 585 
adult crania from South America, North America, Burma, North India, Nigeria, 
Palestine (both modern and Lachish), and Egypt (including samples from six 
different time periods) for these 30 variants. Berry and Berry (1967) also claimed 
that nonmetric traits were unaffected by age, sex, side occurrence, and intertrait 
correlations, and that these factors could be discounted in analysis. This claim, 
combined with the fact that Berry and Berry asserted that nonmetric traits could 
be used on fragmentary remains, were thought to be major advantages of using 
nonmetric traits instead of metric measurements for population study (Saunders 
1989). While Berry and Berry’s paper is seen as providing the impetus for future 
nonmetric trait research, and was thus a positive development in the field, the 
study also had a negative effect. The study tended to be used as a research 
model by others in subsequent years without adequate attention being paid to the 
problem areas (age and sex differences and intertrait correlation) (Suchey 1975).  
 
Evidence for the heritability of nonmetric traits has been presented through 
studies both on nonhumans and humans. Heritability refers to the proportion of 
the variance that can be directly attributed to the contributing factors, in this case, 
the multiple gene effects (Prowse 1994). A detailed series of studies on 
heritability in rhesus macaques (Macaca mulatta) has been conducted in which it 
was concluded that there is a considerable amount of genetic variation 
associated with the traits tested, that there were higher degrees of heritability 
among hyperostotic traits (those related to excess bone growth) and hypostotic 
traits (those related to delayed bone growth) than those scoring foramina, that 
even when phenotypic correlation is low there may be significant genetic 
correlation between traits, and that in the rhesus macaques trait heritability is 
much higher in nonmetric traits than in metric traits (Cheverud and Buikstra 
1981a; 1981b; Cheverud and Buikstra 1982). Studies of human nonmetric traits 
have also found that a number of the traits demonstrate a significant genetic 
component (Torgersen 1951; Saunders and Popovich 1978; Hauser and De 
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Stefano 1989). While Sjøvold found that nonmetric traits had lower than expected 
heritability levels in the Austrian population he studied, it is important to 
remember that heritability estimates are population specific (Sjøvold 1984). 
Another method used to determine the genetic basis of nonmetric traits is to look 
at when the traits appear. If the traits appear before birth, they are thought to 
have a larger genetic component than traits that develop throughout life (Hauser 
and De Stefano 1989). In an archaeological population, it is not uncommon to 
see higher heritability of traits in one sex than the other, or higher trait 
frequencies within one sex. If, for example, there are high trait heritabilities and 
high trait frequencies in the male population subset and not the female population 
subset in an archaeological population, it may be the result of a patrilocal society 
in which males are related to one another and females migrate in causing gene 
flow and lower trait frequencies in the female population (Saunders and Rainey 
2008). The theory of underlying genetic control of nonmetric traits forms the 
theoretical basis for the analysis of population variability and genetic distance in 
humans (Prowse 1994).  
 
The majority of human biological distance studies have their roots in Berry and 
Berry’s (1967) study, which introduced the C.A.B. Smith Mean Measure of 
Divergence statistic for calculating genetic distance between populations. 
Perhaps the biggest contribution made by Berry and Berry (1967) to nonmetric 
trait research was to encourage many studies of biological distance over the 
following years, which generally followed the same research model and statistical 
methods, some with modifications (e.g. Ossenberg 1969; Corruccini 1974; 
Suchey 1975; Saunders 1978; Molto 1983) (Prowse 1994).  
 
Between 1955 and 1985, there was a decrease in the amount of published 
research doing interracial and interpopulational studies, and an increase in 
intraregional and intrasite studies (Buikstra et al. 1990). While the focus of 
research largely shifted from determining genetic relationships between 
populations to determining relationships within sites and populations for a period 
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of time (Spence 1974; Ortner and Corruccini 1976; Ossenberg 1976; Corruccini 
et al. 1982; Molto 1983; Bondioli et al. 1986; Stojanowski and Schillaci 2006; 
Ricaut et al. 2010), recent studies have shown, in addition to intrasite 
comparisons, a return to methodological concerns and interpopulation studies 
(Prowse and Lovell 1995; Prowse and Lovell 1996; Blom et al. 1998; Gualdi-
Russo et al. 1999; Brasili et al. 1999; Hanihara and Ishida 2001a; 2001b; 2001c; 
2001d; Hanihara et al. 2003; Sutter and Mertz 2004; Edwards 2005; 
Hallgrímsson et al. 2005; Carson 2006; Wilson 2010; Ricaut et al. 2010; Saitou et 
al. 2011; Kaur et al. 2012; Ricaut and Waelkens 2013).  
 
In the 1970s and 1980s, while the study of the genetic relationships of human 
populations continued, attention began to be paid to some of the previously held 
assumptions stemming from Berry and Berry’s (1967) paper, namely the effects 
of age, sex, and side on nonmetric trait frequencies (Prowse 1994). As a result of 
Berry and Berry’s assumed lack of age, sex, side and intertrait correlations, it 
became common practice to pool samples without first examining the data for 
any significant associations (Saunders 1978). During the 1970s and 1980s, 
researchers began to test for these associations. Corruccini (1974) scored 72 
discrete variants on 321 human skulls from the Terry Collection of known race, 
sex, and age in order to test for correlations. Significant sex and age differences 
were detected, and intertrait correlation was found to be present at a significant 
level (Corruccini 1974). Corruccini concluded that nonmetric traits in isolation 
were no more useful than metric traits, but that in concordance with other types of 
analysis may be vital for population analysis of extinct groups. While it has been 
asserted that Corruccini’s study was flawed (Molto 1983), the study nevertheless 
generated further research on the methodological aspects of nonmetric trait 
analysis, in which tests for associations between age, sex, side, and intertrait 
correlations were conducted (Prowse 1994). Because it has been demonstrated 
that nonmetric traits are influenced by the environment, it is important to remove 
any crania showing evidence of pathological or artificial deformation from the 
analysis (Hauser and De Stefano 1989).   
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2.4.1 Age Correlations 
Age association is an important component of nonmetric trait analysis because 
the traits are believed to be the end points of genetically controlled 
developmental processes that are affected by the environment (Saunders 1989). 
Age variability in nonmetric traits has been documented in humans in a number 
of studies; however, it was also found that the main effect of age on nonmetric 
trait expression occurs during the juvenile, or growth, period (Ossenberg 1969; 
Saunders 1978; Molto 1983). It has been observed that hypostotic traits occur 
more frequently in younger age groups, and that hyperostotic traits may occur 
more frequently as age increases, but these observations are population specific 
and therefore not universally true (Saunders and Popovich 1978). This trend 
suggests that continued periosteal bone growth with increasing age results in the 
formation of hyperostotic traits which are the result of excess bone, and the 
obliteration of hypostotic traits which are the result of a lack of bone (Saunders 
1989). The most important consideration for an observer to take into account 
when scoring a nonmetric trait that may be age related (for example, the metopic 
suture fuses during childhood) is whether sufficient time has passed in the 
individual’s development to allow the trait to be expressed, or whether the age of 
normal development for that trait has passed (Saunders and Rainey 2008). A 
number of age-stable traits have been identified, and it has been asserted that 
the age of the individual does not strongly affect trait frequency if scoring 
techniques are modified to minimize age effects and only postadolescents are 
considered in the analysis (Buikstra 1976). For some traits it is recommended 
that subadults be excluded from samples used for nonmetric trait analysis, and 
that researchers test for age associations prior to pooling samples for use in 
genetic distance analysis (Saunders 1989). 
 
2.4.2 Sex Correlations 
Nonmetric traits can show sex biases for both genetic and environmental 
reasons. Genetically, there may be an effect of sex-linked genes that influence 
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the threshold potential for trait expression (because females have two X 
chromosomes and males have one X and one Y, the two sexes may present 
differently in the expression of a trait), although no explicit examples have been 
demonstrated as of yet (Saunders and Rainey 2008). Additionally, during 
development, the production of different sex hormones (primarily testosterone 
and estradiol) will contribute to sexual dimorphism in secondary sex 
characteristics that may influence sex expression of nonmetric traits (Saunders 
and Rainey 2008). Environmentally, during development males and females may 
be exposed to different physical environments as a result of cultural influence, 
which may in turn result in differential expression of nonmetric traits (Saunders 
and Rainey 2008). There are conflicting opinions as to whether or not sex 
differences influence nonmetric trait expression to a significant degree. These 
opinions can be summarized as either 1) that any sex differences in trait 
frequencies are random and can be ignored in analysis; 2) that slight differences 
between the sexes can be expected as a result of sexual dimorphism but that 
these differences do not tend to affect genetic distance studies; and 3) that sex 
differences exist for many traits and might significantly skew biological distance 
studies, or contribute significant information to distance studies (Saunders 1989). 
Several researchers have detected an association between hyperostotic traits 
and a higher male prevalence, and hypostotic traits and a higher female 
prevalence (Ossenberg 1969; Saunders 1978; Molto 1983). This pattern is 
consistent with the prediction that sexual dimorphism and its resulting size 
differences will affect trait frequencies (Grüneberg 1952). Sexual dimorphism with 
respect to expression of nonmetric traits is thought to be population specific, 
meaning that a trait that is dimorphic in one population will not necessarily 
present the same way in another population (Saunders and Rainey 2008). 
Corruccini (1974) suggested that the only proper way to do nonmetric analysis is 
to keep the sexes separate; however, this suggestion is only practical in 
situations where the sample size is large enough to permit division of the sexes. 
When division of the sexes would create inadequate sample sizes, however, it 
has been suggested that a few sex associations would likely cause less distortion 
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to the results than the effect of inadequate sample sizes (Suchey 1975). Suchey 
(1975) also cautioned that the solution to the problem of a small sample size 
should not be to lump together crania either from broad geographic or time 
spans, and that instead individual research design should take into account the 
skeletal material available before making decisions regarding the treatment of 
any one variable. To date, there is no accepted rule regarding the pooling of the 
sexes for nonmetric trait research.  
 
2.4.3 Side Correlations 
A large number of the nonmetric traits included in this study are bilaterally 
expressed, which raises the issue of scoring procedures used in data collection. 
Scoring traits with the side of the skull as the unit has the potential to 
overestimate the prevalence of a given trait (Korey 1980), whereas scoring traits 
with the individual cranium as the unit has the potential to underestimate the 
prevalence of a given trait (Molto 1983).  
 
Researchers who argue in favour of scoring traits by side of the skull base their 
arguments upon the assumption that the side method provides more accurate 
estimates of trait prevalence in a population than the individual method because it 
makes use of all information available, and does not exclude fragmentary 
skeletons (Ossenberg 1981). The side sampling method seems to be the most 
commonly used scoring method for bilaterally expressed traits. Ossenberg (1981) 
also argues that if the assumption that the traits are under genetic control holds 
to be true, then a trait that appears bilaterally is a result of a higher genetic signal 
or influence and should therefore be given the corresponding weight in the 
analysis. It was found that the relative frequency of bilateral expression of 
nonmetric traits increases as the rate of overall expression increases, which is 
consistent with Grüneberg’s quasi-continuous model which predicts that bilateral 
expression is a result of a higher genetic influence on liability for that trait 
(Ossenberg 1981; Hauser and De Stefano 1989). Additionally, when dealing with 
highly fragmentary remains, the side method is considered to be superior 
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because it makes use of all available information (Green et al. 1979; Ossenberg 
1981; Molto 1983).  
 
In samples that are well preserved, it has been argued that scoring bilateral traits 
using the individual as the unit is superior because scoring the individual tends to 
more closely represent the genetic aspects of trait variation (Korey 1980). A 
number of bilateral traits demonstrate significant side interdependence, and 
should not be considered separately as the influence of the trait might be 
artificially increased (Saunders 1978; Molto 1983). Scoring bilateral nonmetric 
traits using the individual as the unit eliminates redundant information and does 
not artificially increase the sample size (Suchey 1975; Korey 1980; McGrath et al. 
1984). 
 
2.5 Intertrait Correlation 
A vital assumption to the use of nonmetric traits in the calculation of genetic 
distance between populations is that the nonmetric traits are independent of one 
another. If the traits are correlated with one another, then summing the values for 
each trait when calculating the mean measure of divergence will incorporate 
redundant data and lead to either an overestimation or an underestimation of 
genetic distance, compromising the meaning of the test. This section will 
highlight, in chronological order, studies that have included tests for intertrait 
correlation, as well as studies in which these tests are notably absent.  
 
Berry and Berry’s (1967) study states that the major objection to summing all trait 
values when calculating the mean measure of divergence is that this method 
treats the traits as independent with no consideration of correlation. To this end, 
they tested for intertrait correlation on a subsample of 99 Egyptian crania. Of the 
378 pairwise comparisons that were run, 10 trait pairs were found to be 
significant at the 0.01 level, when just under four would be expected by chance 
(Berry and Berry 1967). Berry and Berry (1967) concluded that 10 significant 
pairs was extremely low (even though it was two and a half times the number 
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expected by chance), and that this virtual absence of correlation meant that it 
was permissible to sum trait values for the purpose of calculating the mean 
measure of divergence.  
 
Hertzog (1968) tested associations of traits found on the parietal bone on a 
sample of 366 crania. The study excluded deformed crania, as well as those 
exhibiting incomplete ossification, sutural obliteration, or damage (Hertzog 1968). 
The study treated the side as the unit for trait scoring, and grouped individuals by 
race. The traits studied were the asterionic ossicle (As), parietal notch ossicle 
(Pn), lambdic ossicle (Lb), lambdoidal ossicle (Lo), both lateral and medial, the 
parietal foramen (Pf), and the pterionic ossicle (Po), and 21 pairwise comparisons 
were run using the chi-square (Hertzog 1968). Hertzog found that the parietal 
foramen was not significantly correlated with any of the other traits, and in the 
remaining 85 race-specific comparisons, 25 trait pairs had significant correlations 
at the 0.05 level. The Amerindian subgroup had nine significant correlations, and 
the Indian subgroup had one significant correlation, demonstrating population 
differences. These data were later reanalyzed using principal components 
analysis and it was concluded that the traits in Hertzog’s initial study were 
essentially independent of one another (Benfer 1970).  
 
Ossenberg (1969) stated in her PhD dissertation that while Berry and Berry 
(1967) were probably correct in their assertion that individual trait values could be 
summed for the mean measure of divergence without causing problems, 
correlation is still important because of what we can learn about the mechanisms 
producing traits. Ossenberg tested for correlation both in individuals and in 
groups as part of her analysis of 1295 adult crania representing a number of 
North American cultural groups. In the individual, metopism (Mt) was tested 
against other traits. It was found that hypostotic and wormian variations occurred 
more frequently in metopic than in non-metopic crania, and that hyperostotic 
variations occurred less frequently in metopic crania (Ossenberg 1969). Positive 
correlations were found between the metopic suture/supraorbital foramen (Mt/Sf), 
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Os Inca/other ossicles, supraorbital foramen/frontal grooves (Sf/Fg), pairs of traits 
found at the craniovertebral border, and clinoid bridging and traits found at the 
craniovertebral border (Ossenberg 1969). Ossenberg also stated that correlations 
might be inconsistent between groups. Group correlation was then tested with 
Spearman’s rank correlation coefficient. Positive correlations were found between 
wormian bones, the supraorbital foramen/supratrochlear foramen, the 
supraorbital foramen/frontal grooves (Sf/Fg), the frontal grooves/supratrochlear 
foramen, pairs at the craniovertebral border, and clinoid bridging and traits at the 
craniovertebral border (Ossenberg 1969). An absence of correlation was found 
between foramina, the pterygospinous spur and pterygobasal spur, clinoid 
bridging, and the mylohyoid groove (Ps/Pb, Ps/Cl, and Ps/Mh), the marginal 
foramen and tympanic dehiscence (Mf/Td), Os japonicum and the infraorbital 
suture (Os/Is), and tympanic dehiscence and the open foramen spinosum 
(Td/Os) (Ossenberg 1969). Lastly, Ossenberg suggested that because the traits 
at the craniovertebral border did not occur in the same individual, that the traits 
(paracondylar process, odonto-occipital articulation, transverse fissure of the 
basiocciput, the precondylar tubercle, and the basilar tubercle) are alternate 
expressions of a genetic determinant. Based on the assumption that intertrait 
correlation does not significantly impact the mean measure of divergence 
calculations, intertrait correlation calculations were excluded from subsequent 
analyses (Ossenberg 1976; 1977). 
 
Halpren (1973) stated in her PhD dissertation that conclusive results regarding 
levels of intertrait correlation had not yet been obtained. Tests for intertrait 
correlation were not undertaken in her study of three Iroquoian ossuaries using 
nonmetric traits, but it is suggested that these tests would be worthwhile in future 
studies (Halpren 1973).  
 
In a study of population subgroups at Teotihuacan, Mexico, it was acknowledged 
by Spence that while some traits may be correlated, some degree of correlation 
is acceptable and will not affect genetic distance studies (Spence 1974).  
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Corruccini (1974) tested assumptions from Berry and Berry (1967) using the 
Terry Collection, which has known age and sex. Seventy-two variants were 
scored on each skull, and 61 of those traits had sufficient variability for inclusion 
in Corruccini’s study. A chi-square analysis was conducted for intertrait 
correlation (which is not a reliably accepted test for intertrait correlation), 
including traits with a minimum value for all cells of n=5, and Yule’s coefficient, 
the rank-order coefficient, and Bartlett’s “sphericity” test were used to provide 
more information about the degree of association. Average correlation was not 
found to be high, but was determined to be significantly higher than zero 
(Corruccini 1974). As a result of this study, subsequent research by Corruccini 
did not include statistics testing intertrait correlation as it was believed to have a 
minimal effect (Ortner and Corruccini 1976). 
 
Suchey’s (1975) study on biological distance of prehistoric Central California 
populations using nonmetric traits of the cranium also included a test for intertrait 
correlation. She states that two of the traits in the study are, by definition, 
associated – the mastoid foramen exsutural and the mastoid foramen absent are, 
essentially, two expressions of the same trait (Suchey 1975). The remaining 27 
traits in the study were tested for correlation using a 2x2 chi-square test. Four 
significant associations were found – the coronal ossicle/sagittal ossicle (Co/So), 
the metopic suture/epiteric bone, the metopic suture/parietal ossicles, and the 
foramen ovale open/auditory torus. In a sample this size, 3.52 correlations would 
be expected by chance, so the four significant correlations were not believed to 
produce significant distortion in the study.  
 
Sternberg (1975) did not test for intertrait correlation in a study of nonmetric traits 
in six Western European populations because the sample size in the study was 
smaller than recommended to carry out chi-squared analysis. Instead, it was 
assumed as per previous research that correlation was either absent or very low 
in the sample and would not distort the results (Sternberg 1975).  
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In a test comparing metric and nonmetric methods, significant correlations were 
found between nonmetric traits and age, sex, and race (Carpenter 1975). 
Intertrait correlation was not tested in this study.  
 
In response to criticism of Berry and Berry’s (1967) study, Berry (1975) tested for 
factors affecting the relative frequency of nonmetric variants. Associations 
between nonmetric traits and sex, age, year of birth, rickets, spina bifida occulta, 
and family studies were studied (Berry 1975). Intertrait correlation, however, was 
not included in this study.  
 
In 1977, Sjøvold noted that nonmetric traits could be correlated for both 
environmental and genetic reasons. He posited that discovering significant 
correlations in a sample is primarily a result of the sample size used for the 
research – as samples increase into the hundreds, an increasing number of 
significant correlations will be found solely due to larger sample size (Sjøvold 
1977). Sjøvold also argued that because of the small sample sizes used in most 
studies, intertrait correlation would not occur at a level significant enough to 
impact the results of genetic distance analyses. Lastly, Sjøvold argues that 
detecting correlation between traits requires that the appropriate statistical test be 
used – in this case, he argues for the use of the phi coefficient as the statistical 
test of choice for calculating intertrait correlation levels because it provides 
information about the degree of association between traits.  
 
Saunders (1978) calculated intertrait correlation on her study sample, focusing on 
nonmetric traits of the infracranial skeleton. Chi-squared tests and Yule’s Q were 
calculated for infracranial trait pairs. Low levels of intercorrelation were found 
between infracranial nonmetric traits, which were comparable with the results 
obtained for the cranium by Corruccini (1974) (Saunders 1978). In a subsequent 
family study of atlas bridging and clinoid bridging, correlations between family 
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members were studied for each trait, but intertrait correlation was not examined 
(Saunders and Popovich 1978). 
 
In the early 1980s, an analysis of phenotypic correlations was conducted in 
rhesus macaques (Cheverud and Buikstra 1981b). Cheverud and Buikstra found 
that 54% of genetic correlations in their study were significantly different from 0 at 
the 0.05 significance level, and that 8% of phenotypic correlations were 
significantly different from 0 at the 0.05 significance level. The authors concluded 
that even with the low degree of phenotypic correlation observed in the study, 
there might be a significantly large degree of genetic correlation present in the 
population.  
 
Molto (1983) argued that previous studies of intertrait correlation had not used an 
adequate sample size to accurately analyze correlation levels, and also that the 
phi coefficient should be used to test for intertrait correlation, calling into question 
past tests. Molto asserts that significant correlation is expected when variants are 
affected by similar genetic and environmental factors. He sets out four factors to 
explain significant correlations: 
1. The traits are associated because they are alternative expressions of a 
single underlying variable (i.e. the two main types of clinoid bridging); 
2. The traits are associated because of a common regional or embryological 
origin (e.g. variations at the craniovertebral border); 
3. The traits are affected by similar developmental phenomenon, such as a 
tendency towards hyper- or hypo-ostosis; and 
4. The traits are associated because of the shared interaction of some of the 
above (i.e. a regional effect on traits of a similar expression). (Molto 
1983:165) 
Molto tested intertrait correlation amongst 27 traits in an Ontario Iroquoian 
population. Using the phi coefficient, 20 significant correlations were found when 
four would have been expected by chance. Four of those correlations had a 
negative phi coefficient and were therefore disregarded. Of the 16 remaining 
 20 
significant correlations, 12 involve accessory sutural bones (though the pterionic 
ossicle is the least involved). Other significant correlations included those 
between the supraorbital foramen and frontal grooves (Sf/Fg) and clino-clinoid 
bridging and carotico-clinoid bridging (Cl/Ca). The explanation posited for the 
Sf/Fg correlation is that the correlation is a result of regional or developmental 
factors, and for Cl/Ca that the two traits are alternate manifestations of the same 
underlying variable (Molto 1983). Going forward in the analysis, the ossicles were 
eliminated from study except for pterion (believed to be uncorrelated with the 
other ossicles) and lambda (highly correlated with the other ossicles, and the 
easiest to score ossicle). Of the two significant trait pairs (Sf/Fg and Cl/Ca), the 
supraorbital foramen (Sf) and clino-clinoid bridging (Cl) were eliminated because 
they showed less variability than their correlated counterparts (Molto 1983). The 
other three significant correlations remaining (tympanic dehiscence/lambdic 
ossicle, trochlear spur/frontal grooves, and trochlear spur/lambdic ossicle) were 
retained in the analysis because none of the three pairs appeared to have a 
meaningful explanation for the correlation, and were thought to be stochastic.  
 
A number of subsequent studies either assumed nonmetric traits to be 
independent, or did not mention the possible effects of intertrait correlation on a 
population study (Wijsman and Neves 1986; Bondioli, Corruccini, and 
Macchiarelli 1986; Brasili, Zaccagni, and Gualdi-Russo 1999; Velemínský and 
Dobisíková 2005; Rashed 2010; Khudaverdyan 2012; Kaur et al. 2012). In her 
nonmetric trait study of ancient Egyptians and Nubians, Prowse (1994) included a 
detailed review of previous intertrait correlation studies, but did not analyze 
intertrait correlation herself due to time constraints. It was recognized that 
intertrait correlation may exist, but it was assumed that the effect of correlation 
would only minimally impact the outcome of the biological distance analysis in the 
study (Prowse 1994). 
 
Other studies since the 1980s did attempt to incorporate intertrait correlation. For 
example, Conner reduced the trait battery in his study from 26 traits to 14 after 
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removing any trait correlated with either age, sex, or other traits (Conner 1990). 
Wood, in her 1997 study of the vertebral column of indigenous populations in the 
Arctic and American Northwest, used the phi coefficient to test for correlations. In 
78 pairwise comparisons, she found 12 statistically significant associations, when 
four would have been expected by chance at the 0.05 significance level. The trait 
most commonly affected was ‘atlas bridge, lateral’ (Wood 1997). Wood believed 
some correlations to be random, and some to be biologically-based, and believed 
the hyperostotic versus hypostotic nature of the variables to be a weak 
explanatory variable for the correlations.  
 
Blom et al. (1998), in their study of migration in the Moquequa Valley in Peru, 
used the chi-squared statistic to test for intertrait correlation, and as a result, 
removed 27 traits with significant intertrait correlation from their initial battery of 
94 traits. Their significance threshold for intertrait correlation was 0.05 within a 
region of the body, or 0.01 between regions (Blom et al. 1998). Similarly, in the 
Azapa Valley, Chile, chi-squared analysis was used to eliminate correlated traits 
from a population study using nonmetric traits (Sutter and Mertz 2004). In a study 
comparing genetic and nonmetric data for a series of individuals in Mongolia, 
intertrait correlation was tested for and no significant correlations were found, 
owing possibly to the small sample size in the study (Ricaut et al. 2010). Wilson 
(2010) found a higher level of intertrait correlation than expected by chance in a 
sample of 29 skulls of southeastern Asian origin, which warrants further 
investigation as it has been asserted in the past that the low sample sizes of most 
bioarchaeological studies mean that intertrait correlation is not a significant factor. 
In a sample size of 20 individuals in which 29 traits were scored, 14 significant 
correlations were found at the 0.05 level (Wilson 2010).  
 
Hanihara and Ishida published a series of articles in 2001 discussing frequency 
variations of cranial nonmetric traits in major human population groups, and 
tested for intertrait correlation in each of these papers. They found intertrait 
correlation to exist in several samples, but perhaps the most important conclusion 
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that emerged from this research with respect to intertrait correlation is that the 
significantly correlated traits are not consistent across populations (Hanihara and 
Ishida 2001a; 2001b; 2001c; 2001d). This conclusion is important because it 
highlights the importance of testing intertrait correlation for the population being 
studied, and not assuming a lack of correlation as a result of past studies on 
different population groups.  
 
A 2005 study by Edwards in which infracranial nonmetric traits are analyzed on a 
population from the Dakhleh Oasis found that there is no correlation between the 
six nonmetric traits of the atlas (Edwards 2005). This conclusion is interesting 
because all six traits are located on the same small bone, and yet no pattern of 
intertrait correlation emerged during the statistical analysis.  
 
While a number of researchers have tested for intertrait correlation, very few of 
the studies described in this section use the appropriate statistical test, the phi 
coefficient. Hanihara and Ishida (2001a; 2001b; 2001c; 2001d) have established 
that intertrait correlation is not consistent between populations, meaning that 
results obtained from one population cannot necessarily be applied to other 
populations with accuracy.  It is therefore important to use the correct statistical 
tests in order to calculate intertrait correlation levels on any population being 
studied.  
 
In her 1994 book “Developmental defects of the axial skeleton in 
paleopathology”, Ethne Barnes discusses developmental defects at the 
occipitocervical border. Barnes (1994) describes complete cranial shifting as the 
expression of an occipital vertebra, lacking a complete posterior arch and 
sometimes lacking a complete anterior arch. Barnes describes expressions of 
minor or incomplete cranial border shifting, including the precondylar tubercle 
(Pt), basioccipital horizontal clefts or fissures, defects of the odontoid, divided 
hypoglossal canals (Dh), and bipartite condylar facets. Essentially, Barnes is 
asserting that the nonmetric traits at the craniovertebral border are the result of 
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the process of cranial shifting. If this hypothesis is correct, and the basiocciput 
nonmetric traits are the result of a cranial shift in development, then the traits of 
the basiocciput – the divided hypoglossal canal (Dh), precondylar tubercle (Pt), 
ossified apical ligament (Oa), intermediate condylar canal (Ic), pharyngeal fossa 
(Ph), and notochord remnant (Nr) – should all be correlated with one another. 
Intertrait correlation in the basiocciput traits, however, has not been tested.  
 
2.6 Statement of Problem and Research Question 
It is clear that in-depth research on intertrait correlation has not been adequately 
addressed. While some researchers have attempted to check for intertrait 
correlation as a part of their research design, there has yet to be a project 
dedicated solely to examining the effects of intertrait correlation on nonmetric trait 
analysis. Given this lack of study, my research project will attempt to fill the hiatus 
in intertrait correlation studies using a large population sample from the Dakhleh 
Oasis. Further research on other populations will be required in order to 
determine whether the results from this thesis are applicable to other populations. 
The central research question for this thesis is: does intertrait correlation exist at 
a statistically significant level in the Dakhleh Oasis? If intertrait correlation does 
exist at levels higher than would be expected by chance, what are the 
implications for nonmetric trait research? Can intertrait correlation be used as a 
model to predict familial relationships within a population? Lastly, given the 
problems with statistical testing, this thesis will look at whether the odds ratio is 
an appropriate test for intertrait correlation, and what the odds ratio combined 
with the phi analysis can tell us about correlation levels in a population. The 39 
traits that will be analyzed in this thesis are described in detail in Chapter 3.  
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Chapter 3 
Nonmetric Trait Descriptions and Scoring 
3.1 Introduction 
This chapter provides information describing the scoring procedures for 
nonmetric traits in this study. In addition, descriptions are given for each of the 39 
nonmetric traits included in this study. The traits are organized by type – 
hypostotic, hyperostotic, foramina/canal traits, ossicles, and other. These traits 
are shown in Appendix A.  
 
3.2 Nonmetric Trait Scoring Procedures 
There are two different methods used to handle bilateral nonmetric cranial traits – 
either by using the side as the unit (# of sides with traits present/total # of sides), 
or by using the individual as the unit (# of individuals with traits present on one or 
both sides/total # of individuals). Scoring traits with the side as the unit has the 
potential to drastically overestimate the prevalence of a given trait, because 
bilateral traits have been found to be largely symmetrical (Korey 1980). However, 
in fragmented skeletal collections, using the ‘individual’ method has the potential 
to grossly underestimate the prevalence of a given trait (Molto 1983). How, then, 
do we choose which method to use?  
 
Arguments in favour of using the side as the unit for the scoring of nonmetric 
traits are based upon the fact that the side method is believed to provide the most 
accurate estimates of trait prevalence in a population because it makes use of all 
information available from skeletal samples, including fragmentary skeletons 
(Ossenberg 1981). Sampling by sides tends to be the most commonly used 
method for nonmetric trait scoring. Ossenberg (1981) argues that if it is to be 
assumed that trait expression is under genetic control, then a trait that appears 
bilaterally should be given twice the weight of a trait appearing unilaterally 
because the genetic signal is stronger in a bilaterally occurring trait. It has been 
acknowledged widely in nonmetric trait research that when calculating distance 
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statistics, especially on fragmentary skeletal remains, the side method is superior 
to the individual (Green, Suchey, and Gokhale 1979; Ossenberg 1981; Molto 
1983). Although Suchey (1975) had previously been one of the largest 
proponents for the individual method, she later changed to support the side 
method with the addition of a correction factor (Green, Suchey, and Gokhale 
1979).  
 
The argument for using the cranium as the unit when scoring nonmetric traits is 
that the information gleaned as a result of studies using the entire cranium seems 
to more closely represent the genetic aspects of trait variation (Korey 1980). 
Calculating relative frequencies by crania using either side of the cranium is faulty 
if used in badly preserved samples, because it may lead to a underestimation of 
the true trait frequency, but by excluding fragmentary unpaired sides from 
analysis this underestimation can be avoided (Korey 1980). Because of the high 
degree of symmetry noted between bilateral traits and the belief that the same 
genetic controls impact both sides of the skull, Suchey (1975) suggests scoring 
bilateral nonmetric traits as present if the trait appears on one or both sides of the 
skull. Scoring bilateral traits with the cranium as the unit eliminates redundant 
information, and does not artificially increase the sample size (Suchey 1975; 
Korey 1980; McGrath, Cheverud, and Buikstra 1984).  
 
For calculating distance statistics based on the MMD using archaeological 
samples, it appears clear that the side method for scoring is superior to the 
individual method. In the case of testing for intertrait correlation, however, we are 
analyzing how frequently combinations of traits occur together in an individual. 
Between-individual or between-population analysis is not being conducted as part 
of an intertrait correlation study. Because the individual is the focus of the 
intertrait correlation study, bilateral nonmetric traits are scored with the skull or 
individual as the unit of measurement in this thesis. In damaged crania, this 
method would lead to a slight underestimate of trait frequencies, however, due to 
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the exceptional preservation of human remains in the Dakhleh Oasis this effect is 
believed to have a negligible effect on the results of the analysis.  
 
While the bioarchaeology team of the Dakhleh Oasis Project (described in 
chapter 4) was in the field in Egypt, Dr. Molto collected data on 38 metric traits on 
each skeleton, and 85 nonmetric traits (50 cranial traits, 20 infracranial traits, and 
5 dental traits) (Molto 2001). Of the 50 cranial nonmetric traits scored in the field, 
39 are being used in this analysis, all of which are described in detail in this 
chapter. Traits were scored in the field as either absent (0), partially expressed 
(for the traits that can present with partial expression) (1), fully expressed (9), or 
unobservable (x). In order to ensure as high a degree of consistency as possible, 
Dr. Molto tested for both interobserver error and intraobserver error by having 
additional researchers score traits on a set of individuals, and by scoring the traits 
on the same individual multiple times himself, and found a high degree of 
concordance between sets of results. As part of my research Dr. Molto trained 
me on the scoring of all 39 nonmetric traits until I could reliably score each trait 
with low inter- and intra-observer error. For the purposes of statistical analysis, 
the traits scored needed to be in bivariate form, and so the partial expression (1) 
and complete expression (9) scores for traits with variable expression were 
combined into one group, though they were originally scored in the field as both 
partially and completely expressed. Photographs of all traits can be found in 
Appendix A.  
 
3.3 Hypostotic Traits 
Hypostotic traits are nonmetric traits characterized by either incomplete 
ossification or development. These traits remain characteristic of an immature or 
embryonic stage throughout life (Saunders 1989). In this study, seven of the 39 
traits being analyzed are classified as hypostotic. These seven traits are 
described below.  
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Metopic Suture (Mt) (Figure A.1) – the frontal bone develops from two 
ossification centres, separated in the mid-sagittal plane. The suture normally 
fuses completely and is obliterated in early childhood, between two and three 
years of age, but it is considered normal for the suture to persist in individuals as 
old as seven or eight years (Ajmani et al. 1983). The fully persisting suture in 
adulthood is referred to clinically as metopism (Ajmani et al. 1983). In studies, the 
persisting metopic suture has been found to be hereditary, inherited as a 
dominant trait with varying penetrance (Torgersen 1951). The persisting metopic 
suture is unilateral as it lies on the sagittal plane of the skull, and is scored with 
the skull as the unit. The metopic suture can be scored as absent, partially 
expressed (occurring when the suture is obliterated at glabella instead of 
extending to bregma), or fully expressed (the suture runs the entire way from 
nasion to bregma). No published research has found a link between sex and 
expression of the metopic suture.  
 
Os Japonicum (Oj) (Figure A.2) – Os japonicum refers to the division of the 
zygomatic bone into two or more components (Anil et al. 2000). The complete 
division of the zygomatic bone is rare, and the most common form of the trait is a 
partial or complete horizontal division, dividing the zygomatic bone into large 
upper and small lower parts (Hauser and De Stefano 1989). Os japonicum was 
named for an early study in which the trait was observed to be present in a 
Japanese population (Anil et al. 2000). Subsequent research has demonstrated 
that the Os japonicum is not a specific Japanese population trait, and in some 
cases authors have referred to the trait as os zygomaticum bipartitum, meaning a 
bipartite zygomatic bone (Hanihara et al. 1998). Os japonicum is a bilateral trait, 
but studies have shown that the occurrence of the trait does not differ significantly 
between sexes or sides of the skull (Hanihara et al. 1998). A genetic background 
has been suggested as the cause for the prevalence of the Os japonicum, and 
the trait is present even in young individuals (Hanihara et al. 1998). Os japonicum 
is scored as being either present or absent, for with this particular trait there is no 
degree of partial expression that is scored. When any trace of Os japonicum is 
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present, regardless of length, the trait is scored as present (Molto 1983). If, on a 
skull, the zygomatic arch is broken, the trait is considered to be unobservable 
because the trait can extend less than 1mm from the articulation of the zygomatic 
and temporal bones (Molto 1983). 
 
Foramen Spinosum Open (Os) (Figure A.3) – Foramen spinosum is a small 
circular opening at the root of the spine of the sphenoid bone which transmits the 
middle meningeal artery (Khan et al. 2012). While the foramen is normally closed, 
sometimes the postero-medial wall fails to fully develop (Molto 1983). In the case 
of an open foramen spinosum, the foramen opens fully or partially into the 
spheno-petrous fissure of the skull (Molto 1983). The open foramen spinosum 
exhibits a wide range of variation, and can be scored as either a partial 
confluence between the foramen spinosum and the spheno-petrous fissure, or a 
complete confluence between the foramen spinosum and the spheno-petrous 
fissure (Molto 1983). The open foramen spinosum is a bilateral trait, and can be 
scored either with the skull as the unit or with the side as the unit. The trait is 
scored as either absent, partially expressed (partial confluence, or incomplete 
opening), or fully expressed (complete confluence). When a skull is in poor 
condition, the open foramen spinosum becomes difficult to score (Berry and 
Berry 1967). Research has not established a link between the foramen spinosum 
open and either sex or age.  
 
Infraorbital suture (Is) (Figure A.4) – The infraorbital suture runs partially or fully 
along the infraorbital canal (Hauser and De Stefano 1989). The infraorbital suture 
is correlated with facial growth in infancy, and arises as a result of the joining of 
multiple ossification centres in the maxilla (Hauser and De Stefano 1989). The 
infraorbital suture can persist up to age fourteen, or even into the late teenage 
years, at which point it becomes a nonmetric trait able to be scored (Hauser and 
De Stefano 1989). The suture has either a linear or serrated appearance, and 
can be either fully present, partially obliterated, or completely obliterated (Molto 
1983). The trait is bilateral, and is scored as either absent, partially expressed (a 
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partially obliterated suture), or fully expressed (a complete suture). No published 
research has established a link between the infraorbital suture and sex.  
 
Tympanic dehiscence (Td) (Figure A.5) – Tympanic dehiscence presents as a 
hole in the tympanic plate resulting from incomplete closure of the tympanic ring 
of the temporal bone of the skull (Buikstra and Ubelaker 1994). The defect occurs 
in the medial third of the tympanic plate of the temporal bone (Hanihara and 
Ishida 2001b). Other common names for tympanic dehiscence include ‘apertures 
in the tympanic plate’ and the ‘foramen of Huschke’ (Hauser and De Stefano 
1989). Tympanic dehiscence is a bilateral trait, but has shown no significant 
sexual dimorphism (Humphrey and Scheuer 2006). The defect associated with 
tympanic dehiscence has usually been found to close by age five, meaning that 
in adults there is little age-linkage (Hashimoto et al. 2011). The defect present in 
the case of tympanic dehiscence can vary from being pinhole-sized to large, and 
can be a minute aperture, an open cribiform area, or a large singular foramen 
(Molto 1983). Any observable defect is scored as present, a minute hole is 
scored as partially expressed and any more severe expression is scored as fully 
expressed.  
 
Mendosal suture (Ms) (Figure A.6) – The mendosal suture is an accessory 
suture in the occipital bone located superior to the transverse sinus (Gayretli et 
al. 2011). The persisting mendosal suture is caused by a lack of fusion between 
the membranous and cartilaginous portions of the occipital bone (Molto 1983). In 
many cases, the suture runs horizontally and is on or near the superior nuchal 
line (Tubbs et al. 2007). Another name commonly used for the mendosal suture 
is the biasterionic suture, as it passes through or near asterion (Hauser and De 
Stefano 1989). If the mendosal suture is complete and extends fully across the 
occipital bone, an Inca bone is created and separated from the rest of the 
occipital bone (Wu et al. 2011). There are varying estimates as to when the 
mendosal suture closes in normal development, ranging from shortly after birth 
up to ten years of age (Gayretli et al. 2011). The trait can be singular or bilateral – 
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in the case of an incomplete suture the persisting portions of the suture are 
located bilaterally on the left and right sides (Molto 1983). The trait is scored as 
absent, partially present (traces of the mendosal suture less than three 
millimeters are present bilaterally), or fully present (either a complete suture or 
two bilaterally persisting portions of the suture exist). No published research has 
established a link between the mendosal suture and sex. 
 
Occipital suture (Oc) (Figure A.7) – The occipital suture is located at the point of 
fusion of the occipital squama and the exoccipitals, which are ossification centres 
of the occipital bone. The portions of the occipital bone usually fuse completely 
together during childhood, but occasionally a suture persists into adulthood. The 
suture extends from the dorsal aspect of the foramen magnum, and terminates 
around the mastoid process of the temporal bone at the occipitomastoid suture 
(Sanchez et al. 2010). The persistent occipital suture is a bilateral trait, and is 
scored as present or absent, with any trace of the suture being scored as 
present. No published link exists between the occipital suture and sex.  
 
3.4 Hyperostotic Traits 
Hyperostotic traits are traits characterized by excess ossification (bone 
formation), typically into regions normally composed of cartilage, ligaments, or 
dura (Saunders 1989). On a dry skull, these traits commonly present as excess 
projections or bridges in bone. Of the 39 traits in this study, 13 are considered to 
by hyperostotic. These 13 traits are described below, and images are provided in 
Appendix A.  
 
Pterygospinous spur (Ps) (Figure A.8) – The pterygospinous spur occurs as a 
result of ossification of Civinini’s ligament (Peker et al. 2002). Civinini’s ligament 
is also known as the pterygospinous ligament, which runs from the angular spine 
to the lateral pterygoid plate of the sphenoid bone (White 2000). Another name 
for the pterygospinous spur is the spinobasal bridge (Molto 1983). If the ligament 
is fully ossified, then a bridge is created, though the more common presentation 
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of the trait is a spur that occurs with incomplete ossification of the ligament 
(Antonopoulou et al. 2008). The pterygospinous spur is a bilateral trait, and is 
scored as absent, partially expressed (a small spur or trace of a spur over the 
foramen spinosum is present), or fully expressed (which can be a large spur or a 
bony bridge). No published link exists between sex, age, and the presence or 
absence of the pterygospinous spur.  
 
Pterygobasal spur (Pb) (Figure A.9) – The pterygobasal, or pterygo-alar spur is 
located lateral to the foramen ovale if the lateral lamina and the inferior surface of 
the greater wing of the sphenoid are connected (Hauser and De Stefano 1989). 
The pterygobasal spur is caused by ossification of the pterygobasal (alar) 
ligament (Molto 1983). Complete ossification results in a bridge, and incomplete 
ossification results in a spur (Hauser and De Stefano 1989). Total ossification 
creating a bridge is a rare characteristic, but partial ossification resulting in a 
pterygobasal spur is common (Molto 1983). The pterygobasal spur is 
differentiated from the pterygospinous spur by looking at the direction of the spur 
– the pterygospinous spur is directed medially, and the pterygobasal spur is 
directed anteromedially (Molto 1983). The pterygobasal spur is a bilateral trait, 
and is scored as absent, partially expressed (a trace of the spur is present), or 
fully expressed (a full spur or complete bridge is present). No published link 
exists between the pterygobasal spur and age or sex.  
 
Clino-clinoid bridge (Cl) and Carotico-clinoid bridge (Ca) (Figure A.10) – The 
clino-clinoid bridge and the carotico-clinoid bridge both result from ossification of 
the ligaments joining the clinoid processes of the sphenoid bone (Hauser and De 
Stefano 1989). In the case of clino-clinoid or carotico-clinoid bridging, an osseous 
bridge joins the anterior, middle, and/or posterior clinoid processes that are 
normally joined by soft tissue (Saunders and Popovich 1978). The clino-clinoid 
bridge is a result of the posterior and anterior clinoid processes bridging, and the 
carotico-clinoid bridge is a result of the anterior and middle clinoid processes 
bridging (Molto 1983). Both the clino-clinoid and carotico-clinoid bridges have a 
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substantial genetic basis, and arise as early as the third fetal month of 
development (Saunders and Popovich 1978). The traits are both observed by 
inserting an endocranial scope into the foramen magnum of the skull, and the 
traits are both bilateral in their expression (Molto 1983). The traits are scored as 
absent (no spur present), partially expressed (noncontact spurs may be present), 
or fully expressed (complete bridges or spurs are present) (Molto 1983). No link 
between either trait and sex has been published to date.  
 
Trochlear spur (Ts) (Figure A.11) – The trochlear spur or trochlear spine is a 
tiny spur projecting from the medial wall of the eye orbit behind the superomedial 
angle of the orbital margin, and can be found beginning in infancy (Molto 1983). 
The trochlear spur results from the ossification of one of the ligaments 
responsible for movement of the eye (Hauser and De Stefano 1989). During 
examination, the trochlear spur is best detected by touch, by running a finger 
along the anteromedial surface of the eye orbit to feel whether any projection of 
bone is present. The trochlear spur is a bilateral trait, and is scored simply as 
present or absent, with no category for partial expression (Molto 1983). There is 
no established link between sex and the trochlear spur.  
 
Divided hypoglossal canal (Dh) (Figure A.12) – The hypoglossal canal is 
located superior to the occipital condyles, and provides a route through the bone 
for nerves and other vascular soft tissue (Buikstra and Ubelaker 1994). The 
hypoglossal canal can be divided by one or more complete or incomplete bony 
septa or spurs that occur either exterior to or inside of the hypoglossal canal 
(Molto 1983). The division of the hypoglossal canal is believed to occur during 
fetal development or shortly after birth, meaning that the divided hypoglossal 
canal is thought to have a strong genetic component (Hauser and De Stefano 
1989). The divided hypoglossal canal is bilateral, but frequently occurs 
asymmetrically (Hauser and De Stefano 1989). Some research has shown that 
the presence of the divided hypoglossal canal may actually increase during 
adulthood (Hauser and De Stefano 1989). The divided hypoglossal canal is 
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scored as absent (in which case the canal is singular with no spurs), partially 
expressed (the canal is not fully divided and while spurs may be present they are 
not complete), or fully expressed (in which case the canal is fully divided into two 
or more parts by large spurs or bridges). No published link between the divided 
hypoglossal canal and sex exists.  
 
Precondylar tubercle (Pt) (Figure A.13)– The precondylar tubercle is located 
along the midline at the anterior aspect of the foramen magnum, and can appear 
in many forms – as a single midline or a bilateral faceted tuberosity, as a 
unilateral or bilateral nonarticular tubercle, or as spines or lamina continuous with 
the occipital condyles (Vasudeva and Choudhry 1996). One hypothesis for the 
occurrence of the precondylar tubercle is that it is made up of ventral rudiments 
of an occipital vertebra (Vasudeva and Choudhry 1996). The precondylar 
tubercle develops during childhood, and may be missed when looking at subadult 
human remains because of the small size of the tubercle (Hauser and De Stefano 
1989). The precondylar tubercle is scored as present when one or two tubercles 
are present on one or both sides of the midline, and is scored as absent when no 
tubercles are present. No link between the precondylar tubercle and sex has 
been established.  
 
Mylohyoid bridge (Mh) (Figure A.14) – The mylohyoid bridge is located on the 
mylohyoid groove, which extends from the mandibular foramen of the mandible 
(Hauser and De Stefano 1989). The function of the mylohyoid groove is to 
facilitate passage of the mylohyoid nerve (Hauser and De Stefano 1989). The 
mylohyoid bridge is defined as a bony bridge over the mylohyoid groove, 
converting the groove to a canal (Buikstra and Ubelaker 1994). The mylohyoid 
bridge is believed to be an inherited trait with a wide range of frequencies 
(Ossenberg 1974). According to Ossenberg, the trait is almost universally absent 
in individuals younger than eleven years old, is variable in individuals between 
eleven and twenty years old, and is age stable in adulthood (Ossenberg 1974). It 
is believed that the precursor to the bridge is a membrane that might be derived 
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from Meckel’s cartilage (Lundy 1980). The groove may be either partially or 
completely bridged (Kaul and Pathak 1984). In past research, little evidence has 
been presented of sex differences in the trait (Lundy 1980). The mylohyoid 
groove is a bilateral trait, and is scored as either absent (no evidence of bridging), 
partially expressed (partial ossification of the sphenoidal ligament has taken 
place), or fully present (either large bony growths extend from both sides of the 
mylohyoid groove, or a fully ossified bridge).  
 
Ossified apical ligament (Oa) (Figure A.15) – The apical ligament extends from 
the tip of the dens of the second cervical vertebra to a point in the midline near 
the anterior-inferior margin of the foramen magnum of the skull (Molto 1983). In 
some cases, portions of the apical ligament can ossify, and a bony projection into 
the foramen magnum is created (Molto 1983). The size of the ossified apical 
ligament is variable, but the location is not, and the ossification will always occur 
at the anterior-inferior margin of the foramen magnum. The ossified apical 
ligament is scored as absent, partially expressed (a small tubercle is present), or 
completely expressed (a large process protrudes into the foramen magnum). No 
published link between the ossified apical ligament and either age or sex exists.  
 
Divided Jugular Canal (Dj) (Figure A.16) – The jugular canal, or jugular 
foramen, is located between the lateral part of the occipital bone and the petrous 
portion of the temporal bone bilaterally (Hauser and De Stefano 1989). In some 
cases, an intrajugular process develops both from the temporal bone and the 
occipital bone, creating a bridge that divides the jugular canal. This bridging has 
been hypothesized to be advantageous in that it may serve to protect the nerves 
that pass through the jugular canal in separate compartments (Hauser and De 
Stefano 1989). The divided jugular canal can occur in two forms: Type I results 
from a connection between the intrajugular process of the temporal bone and a 
bony process of the occipital bone projecting from above the hypoglossal canal, 
and type II results from a connection between the intrajugular process of the 
temporal bone and a bony process of the occipital bone projecting from posterior 
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to the hypoglossal canal (Dodo 1986). In a study of a Japanese population, Dodo 
(1986) found that there were no statistically significant side or sex differences for 
the divided jugular canal. Dodo (1986) also observed the divided jugular canal in 
a number of fetal skeletons, any hypothesized that there is a strong genetic 
linkage for the trait because it is well established by the end of fetal development. 
Finally, Dodo (1986) observed that the divided jugular canal and the divided 
hypoglossal canal seemed to be independent, as he did not observe the two 
traits together in any of the skeletons he was studying (adult n=222). The divided 
jugular canal is scored in this study as either absent, partially expressed 
(projections extend from either side of the canal), or fully expressed (a complete 
bridge between the temporal and occipital bones is observed).  
 
Intermediate condylar canal (Ic) (Figure A.17) – The intermediate condylar 
canal normally presents as a groove for a small vessel that passes lateral to the 
occipital condyle of the skull (Molto 1983). In some cases, bridging of the groove 
occurs, and the condylar groove is converted to a full canal (Molto 1983). The 
bridged or complete intermediate condylar canal is present to some degree at 
birth, and is fully developed during late adolescence, between fifteen and 
seventeen years of age, though no sex differences have been noted (Hauser and 
De Stefano 1989). The canal is variable in both size and location, and can be 
anywhere between three and five millimeters from the lateral margins of the 
occipital condyles (Molto 1983). The trait is bilateral, and is scored as absent, 
partially expressed (consisting of a large spur or an incomplete bridge), or fully 
expressed (consisting of a completely formed canal or bridge). 
 
Supraorbital foramen (Sf) (Figure A.18) – The supraorbital vessels in the skull 
are transmitted through a notch or a foramen on the medial aspect of the upper 
orbit (Suchey 1975). A supraorbital notch is a more common expression of the 
trait than a supraorbital foramen, which occurs when bridging across the 
supraorbital notch is present, turning it into a closed foramen (Ashwini et al. 
2012). In order for the supraorbital foramen to be considered complete, there 
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must be openings on both the orbital and external surfaces of the frontal bone, 
and the foramen must pass completely through the bone (Hauser and De Stefano 
1989). The supraorbital foramen has been suggested to have a genetic basis 
(Hauser and De Stefano 1989), and to occur fairly equally between the sexes, 
though in females the foramina appear closer to the nasal midline than in males 
(Ashwini et al. 2012). The supraorbital foramen is observed early in life, having 
been observed in fetuses (Hanihara and Ishida 2001c). The trait is bilateral, and 
is scored as either present (any completed foramen connecting the roof of the 
orbit and the external frontal bone) or absent (Molto 1983).  
 
Marginal foramen (Mf) (Figure A.19) – On the tympanic plate of the temporal 
bone, a narrow groove will occasionally run in the mediolateral direction towards 
the serrated lateral margin of the plate (Hauser and De Stefano 1989). 
Occasionally, bony spicules can develop and bridge a gap across the narrow 
groove, turning one end of the groove into a foramen (Hauser and De Stefano 
1989). The marginal foramen is formed by ossification of the cartilage 
surrounding the auriculo-temporal nerve, and it can vary in size (Molto 1983). The 
marginal foramen does not appear until puberty when the growth of the tympanic 
plate is complete (Hauser and De Stefano 1989). Some studies have found that 
there is a higher incidence of the marginal foramen in males than in females 
(Hauser and De Stefano 1989). The marginal foramen is a bilateral trait, and it is 
scored as present or absent, regardless of degree of expression. Any canal 
formed by the union of bony spicules on the tympanic plate is scored as being 
present (Molto 1983).  
 
3.5 Supernumerary vault sutures/ossicles 
Supernumerary sutures in the cranium lead to additional bones, or ossicles being 
present along those sutures. Of the 39 traits examined in this study, ten are 
ossicles that are the result of supernumerary sutures. These ten traits are 
explained in further detail below and images can be found in Appendix A.  
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Coronal ossicle (Co) (Figure A.20) – The coronal suture connects the frontal 
and parietal bones of the skull, and runs medio-laterally across the skull in the 
coronal plane. Coronal ossicles occur when one or more accessory bones are 
present along the coronal suture (Hauser and De Stefano 1989). Coronal 
ossicles can be located at bregma, but can also be found at any other point along 
the coronal suture (Hauser and De Stefano 1989). There were no significant sex 
differences found with respect to presence, number, and location of coronal 
ossicles in a population study conducted on Sardinian adults (Brasili et al. 1999). 
Sutural structures have been found to be genetically determined, including 
coronal ossicles, meaning that they appear early in development (Hauser and De 
Stefano 1989). Coronal ossicles are scored as either being present or absent for 
the purposes of this study, though in some studies size, location, and number of 
ossicles are also recorded.  
 
Bregmatic ossicle (Bo) (Figure A.21) – The term bregmatic ossicle refers to an 
accessory ossicle present at bregma, which is the junction of the coronal and 
sagittal sutures, where the frontal bone and two parietal bones meet (Hauser and 
De Stefano 1989). The bregmatic ossicle is at the location of the anterior 
fontanelle (Berry and Berry 1967), and one hypothesis for the origin of the 
bregmatic ossicle is that it may protect the brain during late fetal development 
and early infancy (Hauser and De Stefano 1989). The bregmatic ossicle has 
been found to be a rare trait, occurring in a small fraction of individuals (Suchey 
1975). The bregmatic ossicle is thought to be strongly genetically determined, 
meaning that it appears at a young age, and there was found to be an unusually 
high incidence of bregmatic bones in an Irish village population (three of four 
crania from the village had bregmatic bones, compared to the usual occurrence 
in North European populations of 1%) (Berry 1975). The bregmatic ossicle is 
scored as being either present or absent for the purposes of this study, and is not 
a bilateral trait – any ossicle at bregma is scored as present. No significant sex 
differences have been published for the occurrence of the bregmatic ossicle.  
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Sagittal ossicle (So) (Figure A.22) – The sagittal suture runs along the median 
plane of the cranium, and interlocks the two parietal bones (Hauser and De 
Stefano 1989). The sagittal ossicle consists of any separate bone found along the 
sagittal suture (Suchey 1975). Sagittal ossicles are said to be rare, but if any 
ossicles are present than accessory bones may be found along the entire sagittal 
suture (Hauser and De Stefano 1989). The sagittal ossicle has been found to 
have a strong genetic component determining its expression, but significant sex 
differences have not been found (Hauser and De Stefano 1989). Accessory 
bones along the sagittal suture are not bilateral, and are scored simply as present 
or absent. If an ossicle is present either at bregma or at lambda, the ossicle is 
considered to be either bregmatic or lambdic, and not sagittal.  
 
Lambdic ossicle (Lb) (Figure A.23) – The lambdic ossicle is located at the 
junction of the sagittal and lambdoidal sutures (known as lambda), at the location 
of the posterior fontanelle (Berry and Berry 1967). Lambdic ossicles are usually 
small and triangular, but can be large (Molto 1983). Any ossicle found at lambda 
that is not considered to be an Inca bone is considered to be a lambdic ossicle 
(Molto 1983). Research has shown that there are no significant sex differences 
between males and females with respect to their expression of the lambdic 
ossicle (Brasili et al. 1999). Sutural bones have been demonstrated to have a 
large genetic component to their expression, meaning that they appear at a 
young age (Hauser and De Stefano 1989). The lambdic ossicle is scored as 
present any time that there is an accessory ossicle at the junction of the sagittal 
and lambdoidal sutures, and absent in the case of an Inca bone or no ossicle.  
 
Lambdoidal ossicle (Lo) (Figure A.24) – The lambdoidal suture is found on the 
posterior aspect of the skull and joins together the occipital bone with the two 
parietal bones. Lambdoidal ossicles refer to any accessory or sutural bone 
present along the lambdoidal suture, except for those at lambda (the lambdic 
ossicle) or asterion (the asterionic ossicle) (Suchey 1975). Ossicles in the 
lambdoidal suture occur frequently and are believed to be genetically controlled 
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and appear early in development (Hauser and De Stefano 1989), and are one of 
the most common non-metric traits studied thus far (Brasili et al. 1999). Ossicles 
can be present along the entire length of the lambdoidal suture, and in some 
cases up to 12 bones can be present on either side of the suture (Berry and 
Berry 1967). In some studies, differences in expression between males and 
females have been identified (Carson 2006). Many ossicles exhibit symmetry, 
owing to the fact that both sides of the skull are controlled by a common genetic 
basis (Brasili, Zaccagni, and Gualdi-Russo 1999). The lambdoidal ossicles are 
scored either as present or absent for the purposes of this study (one or more 
lambdoidal ossicles are scored as present), but in other studies researchers may 
also record size, number, and location of ossicles.  
 
Asterionic ossicle (As) (Figure A.25) – Asterion refers to the junction of the 
posterior parietal, occipital, and temporal bones, and occurs on the skull 
bilaterally (Molto 1983). The asterionic ossicle is an accessory sutural bone 
occurring precisely at the location of asterion, otherwise the ossicle as scored 
according to whichever suture it is on (Molto 1983). In some studies, significant 
sex differences have been found between male and female expression of the 
asterionic ossicle, with a higher frequency being reported in males (Brasili et al. 
1999). The asterionic ossicle is believed to have a strong genetic component and 
appears early in development (Hauser and De Stefano 1989).  The asterionic 
ossicle is a bilateral trait, and is scored as either present or absent. Bilateral 
accessory ossicles are often symmetrical because both sides of the skull are 
controlled by the same gene or combination of genes (Brasili et al. 1999).  
 
Occipito-mastoid ossicle (Om) (Figure A.26) – The occipito-mastoid ossicle is 
located between the temporal and occipital bones inferior to asterion (Suchey 
1975). Any accessory bone found in the suture between the temporal and 
occipital bones is considered to be an occipito-mastoid ossicle (Buikstra and 
Ubelaker 1994). Large bones that articulate at asterion but extend inferiorly into 
the suture between the occipital and temporal bones are classified as asterionic 
 40 
ossicles, not occipito-mastoid ossicles (Suchey 1975). Accessory bones are not 
generally found in the anterior-most portion of the suture (Molto 1983). The 
occipito-mastoid ossicle is believed to be under strong genetic control and 
appears early in development (Hauser and De Stefano 1989). The occipito-
mastoid ossicle is bilateral, and any ossicle found inferior to asterion is scored as 
present. No published link between the occipito-mastoid ossicle and sex exists.  
 
Parietal notch ossicle (Pn) (Figure A.27) – The parietal notch is located at the 
angle where the squamous portion of the temporal bone meets the mastoid 
portion. A parietal notch ossicle is defined as an ossicle in this notch between the 
squamous portion of the temporal bone and the parietal bone (Buikstra and 
Ubelaker 1994). Occasionally, there may be two ossicles present, though the 
more common presentation is a single ossicle which can vary in size from 2mm 
to filling the entire parietal notch (Molto 1983). No significant sex differences in 
expression have been published. The parietal notch ossicle is believed to have a 
strong genetic component and appears early in development (Hauser and De 
Stefano 1989). The parietal notch ossicle is scored as present or absent, with any 
ossicle being scored as present, no matter how small.  
 
Squamosal ossicle (Sq) (Figure A.28) – The squamosal suture joins the parietal 
and temporal bones of the skull. Any accessory ossicle along the squamosal 
suture is scored as present, unless the ossicle is in the parietal notch, in which 
case it is scored as a parietal notch ossicle (Berry and Berry 1967). The 
squamosal ossicle is thought to be under strong genetic control and appears 
early in development (Hauser and De Stefano 1989). No link between the 
expression of the squamosal ossicle and sex has been published to date.  
 
Pterionic Ossicle (Po) – (Figure A.29) Pterion is the junction where the frontal, 
sphenoid, parietal, and temporal bones meet. Ossicles at pterion are highly 
variable in size, location, and appearance, and can be classified into four types 
(Molto 1983). For the purposes of this study, however, any accessory bone at 
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pterion is classified as present. As with other ossicles, there is thought to be a 
strong genetic component to the pterionic ossicle and it appears early in 
development (Hauser and De Stefano 1989). The pterionic ossicle is one of the 
few bilateral ossicles that can be asymmetrical in its expression (Brasili et al. 
1999). No link between sex and expression of the pterionic ossicle has been 
published. The pterionic ossicle is scored as either present (any number of 
ossicles are present at pterion in any size or shape) or absent.  
 
3.6 Foramina, canals, and grooves for vessels and nerves 
The traits in the category of foramina, canals, and grooves for vessels and nerves 
are, for the most part, characterized as either present or absent, and are the 
result of development around blood vessels or nerves. Of the 39 traits analyzed 
in this study, six are foramina, canals, and grooves. These six traits are described 
below.  
 
Frontal grooves (Fg) (Figure A.30) - The frontal grooves are located on the 
squamous portion of the frontal bone, and can be linear, curved, shallow, deep, 
double, triple, branched, or simple (Molto 1983). The early appearance of the 
frontal grooves (they have been observed to be present as early as during fetal 
development) suggests a genetic background (Hauser and De Stefano 1989). 
Frontal grooves are a bilateral trait, occurring on the lateral portion of the frontal 
bone. Because the frontal grooves have such a variable pattern of expression, 
they are scored either as absent, partially expressed (which is used to describe 
shallow, non-branching or simple grooves), or fully expressed (deep, branching 
grooves that may be double or triple) (Molto 1983). No link between sex and 
expression of the frontal grooves has been published.  
 
Parietal foramen (Pf) (Figure A.31) – The parietal foramen is considered to be 
present when there are small foramina located lateral of the sagittal suture and 
anterior of lambda (Suchey 1975). The most common presentation of a parietal 
foramen consists of one or two foramina present, though in some cases more 
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than two can occur (Hauser and De Stefano 1989). Generally, the right parietal 
foramen is larger than the left, and in rare cases, there can be two foramina on 
the right side (Hauser and De Stefano 1989). In order to be considered a true 
parietal foramen, the canal should perforate both the internal and external table 
of the skull (Buikstra and Ubelaker 1994). In some rare cases, it is possible to 
have either a very large foramen (with a diameter anywhere from a few 
millimeters to a centimeter or more), or multiple foramen present (Molto 1983). 
Exceptionally large parietal foramina are considered to be a result of an anomaly 
of ossification (Currarino 1976). The most common presentation of the parietal 
foramen occurs in up to 60-70% of individuals, and can be unilateral in up to half 
of those individuals (Currarino 1976), and consists of foramina approximately 
1mm in size, usually within 1-2cm of the sagittal suture (Currarino 1976). The 
parietal foramen demonstrates good repeatability of scoring (Gualdi-Russo et al. 
1999), is thought to be autosomal dominant with variable expression, and 
appears at a young age (Hauser and De Stefano 1989). No published link exists 
between expression of the parietal foramen and sex. The parietal foramen is 
scored as either present or absent, with any fully penetrating foramen being 
scored as present.  
 
Absent posterior condylar canal (Pc) (Figure A.32) – The posterior condylar 
canal is located immediately posterior to each occipital condyle in a fossa (Molto 
1983). The canal contains the posterior condylar vein and the meningeal 
branches of the occipital artery (Kiyosue et al. 2007). Occasionally, the posterior 
condylar canal is absent, meaning either that there is no indentation in the 
occipital condyles or that the canal appears to be present but does not go all the 
way through the bone (Molto 1983). The usual appearance of the posterior 
condylar canal is that it pierces the fossa, but if the canal is only partial and ends 
in bone, the canal is considered to be absent (Berry and Berry 1967). Scoring of 
the presence or absence of the posterior condylar canal is difficult with poor 
preservation of remains because the bone could break open, even if there was 
no patent canal during the life of the individual (Berry and Berry 1967). No 
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published link exists between age or sex and the absent posterior condylar canal. 
The absent posterior condylar canal is a bilateral trait, and is scored as either 
present or absent. The posterior condylar canal is scored as present if a soft 
probe can be passed fully through the canal, and absent if nothing can be passed 
through and the canal terminates in bone.  
 
Anomalous temporal artery (At) (Figure A.33) – The anomalous temporal 
artery is also referred to as the parietal process of the temporal bone, and 
consists of a finger- or style-like projection of the superior margin of the temporal 
bone upon the parietal bone (Molto 1983). This trait is located where the middle 
meningeal artery passes from the endocranium to the ectocranium, and there are 
usually characteristic branching grooves present superior to the trait for the 
middle meningeal artery (Molto 1983). The parietal process of the temporal bone 
shields the groove for the middle meningeal artery (Molto 1983). No published 
link exists between age or sex and expression of the anomalous temporal artery. 
The anomalous temporal artery is a bilateral trait, and is scored either as present 
or absent.  
 
Absent zygomatico-facial foramen (Zf) (Figure A.34) – The normal 
zygomatico-facial foramen extends from the orbital floor to the facial surface of 
the zygomatic bone, with a completely open passage between the two (Molto 
1983). The external exit of the zygomatico-facial foramen serves as a passage 
for the facial nerves and vessels (Hauser and De Stefano 1989), and specifically 
serves as an exit site for the terminal maxillary nerve branch (Loukas and Owens 
2008). The zygomatico-facial foramen can be singular, multiple, or absent all 
together (Molto 1983). There is great variation in the frequency and location of 
the zygomatico-facial foramen, and sometimes the absence of the zygomatico-
facial nerve correlates with an absent zygomatico-facial foramen (Mangal et al. 
2004). The development of the zygomatico-facial foramen is believed to begin as 
early as the third embryonic month, meaning that the development has a strong 
genetic component (Hauser and De Stefano 1989). No sex linkage has been 
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published for the absent zygomatico-facial foramen. The trait is bilateral, and is 
scored as either present (with a fully penetrating foramen extending from the floor 
of the orbit to the facial surface of the zygomatic bone), or absent (either no canal 
or a partial canal that does not fully extend from the floor of the orbit to the facial 
surface of the zygomatic bone).  
 
Accessory optic foramen (Ao) (Figure A.35) – The accessory optic foramen, 
also known as the accessory optic canal, is located in the posterior aspect of the 
orbit of the eye. The optic canal is usually singular, but in some cases there can 
be a second accessory canal piercing the floor of the optic foramen (Molto 1983). 
The accessory optic foramen can be either completely or incompletely separated 
from the optic foramen (Molto 1983). The anomalous optic canal or foramen 
transmits the ophthalmic artery, which normally passes through the optic canal 
(Ossenberg, 1976). There is no published link between age or sex and the 
accessory optic foramen. The accessory optic foramen is a bilateral trait, and is 
scored as present or absent, with either a complete or incomplete accessory 
optic foramen being scored as present (Ossenberg, 1976).  
 
3.7 Other Trait Types 
In this study, there are three traits included that do not fall into any of the four 
aforementioned categories. These three traits are described below.  
 
Fronto-temporal articulation (Ft) (Figure A.36) – The fronto-temporal 
articulation occurs at pterion, the region of the skull where the sphenoid, frontal, 
parietal, and temporal bones meet. At pterion, the sphenoid and parietal bones 
commonly articulate with one another, and there is no contact between the frontal 
and temporal bones (Hertzog 1968). In some cases, however, a large projection 
of the squamosal part of the temporal bone may cause an area of articulation 
between the frontal and temporal bones, instead of the sphenoid and parietal 
bones (Hauser and De Stefano 1989). There is a high degree of variability at 
pterion, and the fronto-temporal articulation is one of the ways that the bones can 
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present (Hauser and De Stefano 1989). In a study of 30 cranial traits, the fronto-
temporal articulation was found to have the highest familial heritability of the traits 
being studied, indicating that the fronto-temporal articulation is strongly controlled 
by genetics and appears early in life (Sjøvold 1984). No link between sex and 
expression of the fronto-temporal articulation has been established. The fronto-
temporal articulation is a bilateral trait, and is scored as present (when any part of 
the frontal bone articulates with any part of the temporal bone at pterion) or 
absent (when no articulation is observed).  
 
Notochord remnant (Nr) (Figure A.37) – The notochord is a precursor to spinal 
development in the fetus that normally disappears as the spinal cord develops 
during fetal growth (Kyriakos et al. 2003). The notochord appears at the third 
gestational week of development, and so notochord-related non-metric traits are 
thought to have a significant genetic basis (Fracasso et al. 2008). When the 
notochord does not fully disappear, small remnants called ecchordosis 
physaliphora can remain, and are found at the base of the skull in up to 2% of 
adult autopsies (Kyriakos et al. 2003). Ecchordosis physaliphora presents 
clinically as a jelly-like mass at the base of the skull (Kyriakos et al. 2003). The 
persistence of this jelly-like mass can lead to bone changes in the occipital bone, 
and in some cases, a chordoma (a malignant tumour of the notochord) will 
develop (Ulich and Mirra 1982). The notochord remnant trait is singular and 
occurs at the base of the occipital bone. No sex linkage has been established for 
the notochord remnant. The trait is scored as being either absent, having partial 
expression (a small depression in the bone is present), or complete expression (a 
large fossa or depression is present in the bone).  
 
Pharyngeal fossa (Ph) (Figure A.38) – The pharyngeal fossa, otherwise known 
as the pharyngeal foveola or the fossa navicularis, is a depression located in the 
central part of the basilar occipital bone (Suchey 1975). The fossa can vary in 
depth from 2-7mm, has an average width of 4mm, and an average length of 5-
11mm (Sullivan 1920). The pharyngeal fossa is observed postnatally, and has 
 46 
been observed to have a higher incidence in males than in females (Hauser and 
De Stefano 1989). Hauser and De Stefano (1989) have found that the frequency 
of the trait tends to stabilize by the age of 20. The pharyngeal fossa is considered 
to be a relatively rare trait (Cankal et al. 2004). The pharyngeal fossa is singular, 
not bilateral, and is scored as either absent, partially expressed (a small but 
distinct fossa is present), or completely expressed (a large, deep fossa is 
present).  
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Chapter 4 
Materials and Methods 
4.1 Introduction 
This chapter provides background information on the skeletal samples from the 
Dakhleh Oasis used in this research project. The chapter includes a description 
of the Dakhleh Oasis, the Kellis and Ain Tirghi cemeteries, and the methods used 
during data collection. Additionally, the statistical analyses undertaken as part of 
the research are described. 
 
4.2 The Dakhleh Oasis Project (DOP) 
The Dakhleh Oasis Project (DOP) began in 1978 and is dedicated to studying the 
interaction between humans and the physical environment in the Dakhleh Oasis, 
which is located in the Sahara Desert of Egypt. The DOP’s research covers the 
known extent of human history in the region, from the first human activity 
detected during the Middle Pleistocene, as long as 400,000 years ago, to the 
current inhabitants of the Oasis (Mills 2010). In order to conduct comprehensive 
research on the relationships between humans and the environment in the 
Dakhleh Oasis, the DOP has included researchers from a number of fields. 
These fields include, but are not limited to, geography, geology, botany, 
archaeology, history, physical anthropology, and linguistics (Mills 2010). For my 
particular research project, the contributions to the DOP in the field of 
bioarchaeology are germane. The data used for this thesis were collected over a 
number of field seasons between in 1986 and 2007, when Dr. J.E. Molto directed 
the bioarchaeology section of the DOP (Molto 2001).  
 
4.3 The Dakhleh Oasis 
The Dakhleh Oasis is located approximately 800km SSW of Cairo and 250km 
west of the Nile Valley in Egypt, and is centered at 25°30’N and 29°07’E (see 
Figure 4.1). The Oasis is one of five major depressions that are found in the 
Western Desert of Egypt. The Dakhleh Oasis is approximately 100m below the 
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surrounding desert and measures approximately 100km in the east-west direction 
and 25km in the north-south direction. The region’s economy today, as in the 
past, is primarily agrarian, and residents grow vegetables, fruits (including dates, 
apricots, oranges, and olives), and cereals (rice, sorghum and wheat) (Fairgrieve 
and Molto 2000). The climate of the Dakhleh Oasis is hyper-arid with a mean 
annual rainfall of 0.3mm/year (Wheeler et al. 2011). Agriculture in the region is 
made possible by the Nubian Sandstone and shale series which contains one of 
the largest aquifers in the world, making the inhabitants of the region largely 
dependent on wells (Fairgrieve and Molto 2000). The hyper-aridity of the region 
makes the Dakhleh Oasis ideal for the preservation of human remains (Molto 
2002). Within the Dakhleh Oasis, cemeteries associated with the towns of Ismant 
el-Kharab (Kellis) and Ain Tirghi provide the basis for this research project. 
 
Figure 4.1 Location of the Dakhleh Oasis in Egypt (Molto 2002) 
 
4.4 The Kellis Cemeteries 
The town of Kellis (currently known as Ismant el-Kharab) was a major centre in 
the Dakhleh Oasis during the Ptolemaic and Roman periods (circa 332 to 30 
B.C.), and is located along the desert trade route through the Dakhleh Oasis 
(Wheeler 2012). There have been three primary burial areas associated with 
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Kellis – one in the town itself (the North Tomb), and two cemeteries respectively 
located to the northwest and northeast of the town, named Kellis 1 (K1) and Kellis 
2 (K2) (see Figure 4.2) (Molto 2001). The North Tomb area represents a series of 
tombs along the northwestern edge of the town site.  The North Tomb was 
constructed during the Roman Period (A.D. 50-450) and then used for sequential 
burials after its initial construction. Exact dates for the North Tomb burials are not 
known, but it has been estimated that the burials date to the late fourth century 
A.D., which is temporally near the last phase of the Kellis occupation (Hope 
2001). The North Tomb burials are believed to contain both pagan and Christian 
individuals based on the different burial practices observed at the site (Bowen 
2003). 
 
Figure 4.2 Location of Kellis 1, Kellis 2, and Ain Tirghi cemeteries (Molto 2002) 
 
Kellis 1 (site 31/420-C5-1) consists of a large number of small chamber tombs 
(see Figure 4.3) (Birrell 1999). The cemetery is located predominantly in red 
Nubian clay which is capped by shales and sandstone in the higher levels of the 
cemetery (Birrell 1999). The tombs are divided into two groups – those cut 
entirely into the red clay, and those dug from the higher levels of sandstone 
(Birrell 1999). The majority of tombs are single-chambered, though some tombs 
do have more than one chamber (Dupras 1999). The individuals buried at Kellis 1 
are not contained in coffins, and a number of individuals were mummified – 18 of 
169 individuals excavated at Kellis 1, or 11% of individuals had been artificially 
mummified, and 27 of 169, or 18% of individuals had undergone spontaneous or 
natural mummification (Aufderheide et al. 1999). Analysis of the grave goods 
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associated with the burials in Tomb 13 at Kellis 1 along with radiocarbon dating 
suggests that the cemetery was in use from the Ptolemaic period into the early 
Roman period, circa 332 to 30 B.C. (Birrell 1999). It has been suggested that the 
mummification practices in place at Kellis 1 may be a result of the site being 
occupied by a high status population (Molto 2001). The Kellis 1 burials are 
believed to be associated with a pagan population because each chamber 
contains a number of individuals placed on the chamber floor in no particular 
alignment (as opposed to the Christian single interments and east-west 
orientation) (Bowen 2003). There was a high degree of post-burial disturbance 
observed during the excavations of the Kellis 1 tombs, due in large part to site 
looting. The latter resulted in considerable commingling of remains and few 
complete skeletons from Kellis 1 were available for analysis. The individuals from 
Kellis 1 included in this project come from tombs 3, 13, 16 and 22, represent both 
mummified and non-mummified remains, and were complete enough for 
osteobiographical analyses and nonmetric trait scoring to occur.  
 
Figure 4.3 Plan of Kellis 1 cemetery (Molto 2002) 
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Kellis 2 (site 31/420-C5-2) is located approximately 1km east of the Kellis 1 
cemetery, and northeast of the ancient town of Kellis (see Figure 4.4). Kellis 2 
extends 150m in the east-west direction and 60m in the north-south direction, 
and is densely filled with rectangular pit graves (Wheeler et al. 2007). At Kellis 2, 
bodies are placed in an extended position with the head oriented to the west, 
their arms either at the sides or crossed over the pelvis and feet either side-by-
side or crossed (Wheeler et al. 2007). All graves were found to be aligned on an 
east-west axis, except for minor variations attributed to be a result of winter or 
summer burials (Bowen 2003). The vast majority of burials at Kellis 2 are single 
interments (Molto 2001). There are some tomb superstructures present at Kellis 
2, which tend to contain one to three primary adult burials and several juveniles 
below the floor, as well as numerous graves of fetuses, infants and young 
children packed tightly around the outside walls (Wheeler 2012). The individuals 
buried at Kellis 2 were wrapped loosely in linen cloth, which does not tend to 
preserve beyond the presence of loose pieces near the feet of adult skeletons 
(Birrell 1999). The burial practices reflected at Kellis 2 seem to represent a shift 
from the pagan burials seen at Kellis 1 to a Christian burial style (Dupras 1999). 
The presence of infant burials dispersed with the adult burials in the cemetery in 
the east-west orientation in shallow pits equates with the Christian tradition, and it 
has been posited that the individuals buried at Kellis 2 belonged to the Christian 
community at Kellis (Bowen 2003).  
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Figure 4.4 Excavations at Kellis 2 through 2006 (courtesy of JE Molto) 
  
Ceramic evidence indicates that the Kellis 2 site was in use during the fourth 
century CE (Birrell 1999), and a large battery of AMS radiocarbon dates shows 
 53 
conclusively that the cemetery was in use during the Romano-Christian period, 
from 50 to 450 A.D. (Stewart, Molto, and Reimer 2003). It has been estimated 
that the entirety of the Kellis 2 cemetery may contain between 3000 and 4000 
burials, only about a quarter of which have been excavated (see Figure 4.5) 
(Molto personal communication). To date, 701 individuals have been excavated 
at Kellis 2 as part of the Dakhleh Oasis Project (Wheeler 2012). Of the individuals 
excavated from Kellis 2, approximately 61% are juveniles (under the age of 15), 
20% are adult females, 13% are adult males, and 6% are unknown age or sex 
(Wheeler 2012).  
 
Figure 4.5 Excavations of Kellis 2 as of 1997 compared to suspected extent of 
site (Molto 2002) 
 
Though ~50% of the burials have been disturbed post-mortem in most cases the 
disturbance has been minimal and often the skeletal elements (e.g. crania) were 
recovered. This degree of recovery, the extremely arid environment, and the 
alkalinity of the soil have combined to result in near-perfect preservation of the K2 
remains (Wheeler 2012). The ideal preservation conditions facilitated the 
recovery of young fetal remains (at an approximate gestational age of 20 weeks), 
as well as soft tissue structures including hair, skin, nails, and stomach content 
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(Wheeler 2012). In the case of nonmetric traits, preservation is of the utmost 
importance because the traits can be difficult to observe even under ideal 
conditions – if there is any damage to the region of the skull on which a trait is 
found, the trait is considered to be unobservable. Having such good preservation 
is vital to nonmetric trait studies.  
 
4.5 The Ain Tirghi Cemetery 
Ain Tirghi (31/435-D5-2) is located approximately 8km SW of the village of Balat 
and approximately 30km E of the contemporary village of Mut in Egypt. Ain Tirghi 
was discovered during the 1982 DOP field season. Ain Tirghi was excavated over 
a decade between the 1982-1983 field season and the 1991-1992 field season, 
when focus was shifted to the excavations at Ismant el-Kharab, or Kellis (Molto 
2001).  The cemetery at Ain Tirghi is composed of an unknown number of tombs 
(estimates of the number of tombs have surpassed 200), dug out of large 
mounds of shale (Molto 2001).  Two different tomb types were identified at Ain 
Tirghi, one type being thought to be from a temporally later period than the other 
(Molto 2001). Archaeological excavations at Ain Tirghi did not unearth a 
habitation site associated with the cemetery, and the associated site is believed 
to be under modern cultivation (Molto 2001). By the end of the 1991-1992 field 
season, at least 470 individuals from 37 tombs had been excavated at Ain Tirghi, 
though there was a high level of post-depositional disturbance at the cemetery 
and a relatively small proportion of the burials excavated were found to be intact 
(Molto 2001). Radiocarbon dates of human remains from tomb 31 at Ain Tirghi 
date the cemetery to the 3rd Intermediate period, circa 800 B.C., meaning that Ain 
Tirghi predated the Kellis cemeteries by at least half a millennium (Dupras 1999). 
Although most tombs were badly disturbed, two tombs (AT31 & AT34) had a 
large number of intact skeletons that allowed for detailed analysis, which is 
important for scoring of the nonmetric cranial traits. A large number of crania 
were available for study, but sex determination had to be based on cranial 
robusticity, while aging was based on the pattern of dental pathology and attrition. 
The sex determination and age estimation methods were developed from the 
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complete skeletons available from tombs 31 and 34 (Molto, personal 
communication).  
 
4.6 Sample 
The sample used herein consists of 477 individuals from Ain Tirghi and the Kellis 
cemeteries, which is considered adequate for nonmetric trait research, which has 
a minimum suggested sample size of 300 (Molto 1983). Of the 477 individuals, 
203 are male and 274 are female. Of the female individuals included for study, 29 
skulls were either missing or damaged to an extent that nonmetric trait scoring 
was not possible, and of the male individuals, 5 skulls were either missing or 
damaged, reducing the total number of individuals studied to 443, which is still a 
more than adequate sample size. The male population consists of 30 individuals 
excavated from Kellis 1, 72 individuals excavated from Kellis 2, 95 from Ain 
Tirghi, and 1 from the North Tomb at Kellis. The females consist of 13 individuals 
excavated from the North Tombs at Kellis, 14 individuals excavated from Kellis 1, 
112 individuals excavated from Kellis 2, and 106 individuals excavated from Ain 
Tirghi.  
 
Sex determination, age estimation, and the scoring of nonmetric traits was 
conducted in the field by Dr. Eldon Molto, Dr. Scott Fairgrieve, and the 
bioarchaeology team working on the Dakhleh Oasis Project. Age estimation 
techniques used on subadult individuals in the population included dental 
eruption, measurements of long bone length, and measurements of the 
basiocciput bone (Ubelaker 1978; Fairgrieve and Molto 2000; Tocheri and Molto 
2002). For the purposes of this study, subadults are not being included in the 
analysis because many nonmetric traits are age-influenced, meaning that they 
can either develop or disappear during childhood. In order to minimize the 
influence of these age-linked traits in the study, only adult individuals will be 
included. Adult age at death was determined using pubic symphyseal changes 
(Suchey 1979; Katz and Suchey 1986; Brooks and Suchey 1990), as well as 
dental attrition (Molto personal communication). Sex cannot be determined with 
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accuracy for subadult individuals (Bass 1987). Sex determination of adult 
remains was based on cranial morphology (Bass 1987) and morphological 
changes in the pubic symphysis, including the ventral arc, the lateral recurve, and 
the ridge immediately inferior to the pubic symphysis (Phenice 1969).  
 
Age estimation and sex determination were done in the field in Egypt during each 
field season. All age estimation and sex determination analyses were conducted 
in blind, and tests were done for intraobserver and interobserver error. The 
analyses being done in blind means that the researchers did not have access to 
any information about a given individual when scoring traits for that individual. A 
high degree of concordance was found between the estimates of different 
researchers and also between different methods used for each individual, and so 
the estimates are believed to have produced a reasonably unbiased and accurate 
age and sex profile for each individual (Molto personal communication). This 
analysis has resulted in a comprehensive and reliable demographic profile for the 
Kellis and Ain Tirghi cemeteries.  
 
In order to reliably combine the populations from Kellis and Ain Tirghi for 
analysis, it must first be established that the two populations are from the same 
breeding population, and are not genetically distinct. This test is especially 
important because the two sample populations (Ain Tirghi and Kellis) are 
separated temporally by approximately 800 to 1000 years. Two studies involving 
Ain Tirghi and Kellis nonmetric traits have been completed in which the mean 
measure of divergence (MMD) was calculated for the two populations (Molto 
2001; Edwards 2005). The null hypothesis for these calculations is that there are 
no significant genetic differences between the two populations and the alternate 
hypothesis is that there are significant genetic differences between the two 
populations. If the null hypothesis is accepted at p > 0.05 using the MMD 
calculation, it is permissible to pool the samples for further analysis.  
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In the cranial study conducted by Molto (2001) the MMD was calculated from a 
battery of 17 nonmetric traits (metopism, os japonicum, pterygobasal ossification, 
carotico-clinoid bridge, clino-clinoid bridge, trochlear spur, divided hypoglossal 
canal, divided jugular canal, mylohyoid bridge, frontal grooves, parietal process of 
temporal, absent posterior condylar canal, absent zygomatico-facial foramen, 
ossicle at lambda, ossicle at pterion, and 3rd molar agenesis in the maxilla) (Molto 
2001). These traits were used because they are highly variable, they are believed 
to be statistically independent of one another, and they are believed to be 
statistically independent of sex which allows the male and female data to be 
pooled for statistical analysis (Molto 2001). The Mean Measure of Divergence 
incorporated the Freeman-Tukey transformation (Molto 1983). Interpretation of 
the MMD is based on the positive correlation between the value of the MMD and 
the genetic distance between populations. An MMD of two times the standard 
deviation corresponds to a p-value of less than or equal to 0.05, meaning 
interpretively that the groups being tested are from two different breeding 
populations (Molto 2001). Table 4.1 shows the MMDs and their standard 
deviations for the Kellis and Ain Tirghi samples (adapted from Molto 2001). The 
samples E31, E34, and E36 come from the Ain Tirghi cemetery (previously 
spelled Ein Tirghi), K1-13 comes from Kellis 1, and K2 from Kellis 2. In the table, 
the MMDs have been transformed by a factor of 103 + 50 for ease of 
interpretation, a transformation which does not affect the significance of the 
results (Molto 2001).  
 
Table 4.1 MMDs and SD (in brackets) comparing samples from Ain Tirghi and 
Kellis, adapted from Molto (2001:90) 
E31 E34 E36 K1'13 K2
E31 ' 0.0235 '0.0438 0.0745* 0.0551
('0.0246) ('0.0264) ('0.0339) ('0.0314)
E34 73.5 ' '0.0033 0.0607 '0.0048
('0.025) ('0.0325) ('0.0301)
E36 6.2 46.7 ' 0.0497 0.04
('0.0343) ('0.0318)
K1'13 124.5 110.7 99.7 ' 0.0411
('0.0392)
K2 105.1 45.2 90 91.1 '
*coefficient9is9significant9at9p9<90.05
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As indicated in table 4.1, only one of ten MMD calculations shows a statistically 
significant difference from the population it is compared with (indicated by the 
asterisk, the comparison between E31 and K1-13). However, because K1-13 is 
not significantly different from either E34 or E36, and E31 is also not significantly 
different from E34 or E36, the difference between K1-13 and E31 is thought to be 
stochastic, and possibly occurring by chance (Molto 2001).  
 
In the second study conducted by Edwards (2005) the MMD was calculated 
between the Ain Tirghi and Kellis samples based on six nonmetric traits of the 
atlas and their relative frequencies. Using the relative frequencies for the six atlas 
variants using male and female data, Edwards calculated a MMD of 0.0124 with 
a standard deviation of 0.007614, which is not significant, leading to the 
conclusion that the two populations represent sampling from the same breeding 
population (Edwards 2005). Edwards also noted sex differences for the atlas 
variants, and calculated separate MMDs for the males and females. The MMDs 
and their standard deviations (in brackets) calculated for the males and females 
respectively were -0.001553 (0.031794) and 0.014399 (0.023699), neither of 
which are significant at the 0.05 level (Edwards 2005). Both the male and female 
MMDs show closer genetic affinities than the combined data, providing even 
stronger support for amalgamation of the samples. Edwards also notes that the 
male MMD was much smaller than the female MMD comparing Ain Tirghi and 
Kellis, indicating that the males in the group are more closely related than 
females. The society is thought to have been patrilocal, meaning that the females 
were brought in to the Oasis from outside areas for mating, and the MMD results 
support this interpretation (Edwards 2005). Another important finding was that all 
six variants were statistically independent of each other despite the fact that they 
are found on one small bone. This result was used to justify using all six traits to 
compute the MMD. In Molto’s (2001) study trait independence was not tested.  
 
Thus, both authors accepted the null hypothesis that the two populations are 
homogenous (Molto 2001; Edwards 2005). Therefore, the MMD results can be 
 59 
used to accept the hypothesis that the Kellis and Ain Tirghi burials are from the 
same genetic population and suitable to be pooled for future genetic analysis.  
 
4.7 Tests for Intertrait Correlation 
As noted, the use of distance statistics and analyses in archaeology rely on the 
assumption that the nonmetric traits being studied are independent of one 
another (Berry and Berry 1967). If traits are highly correlated due to underlying 
common alleles, then including significantly correlated traits in genetic distance 
studies would provide redundant genetic information. In order to test this 
assumption and determine the levels of intertrait correlation in the Dakhleh 
population, the database was first divided by sex, into a male database of 198 
individuals with observable nonmetric traits and a female database of 245 
individuals with observable traits. Later in the analysis, significant correlations 
may be examined by age as well. Part of the statistical analysis includes testing 
for significant sex differences in the expression of intertrait correlation. In order to 
ensure that the data were suitable for bivariate correlation analyses, the ‘9’ 
values in the databases corresponding to the ‘full expression of the trait’ 
phenotype were substituted with ‘1’ values, corresponding with the ‘partial 
expression of the trait’ phenotype. By substituting the values, three categories of 
individuals were created from the original four categories – those with no 
expression of the nonmetric trait (0), those demonstrating any presence of the 
nonmetric trait (1), and those individuals on which the nonmetric trait was 
unobservable due to damage (x). The ‘x’ cell values were not included in the 
calculation of intertrait correlation statistics. 
 
4.7.1 Phi Coefficient  
Tests for intertrait correlation in skeletal samples have traditionally used the chi-
square, or X2 test of independence. However, the chi-square test does not 
provide any information about the strength of any association between traits, only 
that the traits are or are not independent (Sjøvold 1984; Wood 1997). In order to 
improve the test results and gain information about the strength of any potential 
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intercorrelations in this research, the phi coefficient is used (Sjøvold 1984). The 
phi coefficient is a modification of the chi-square statistic to assess the strength of 
nominal associations (Thomas 1976). The phi coefficient specifically measures 
the amount of association between two bivariate categorical variables, in this 
case nonmetric traits of the skull. The phi coefficient applies only to the 2 x 2 
contingency table format, thus incomplete expressions of a trait are combined 
with full expression to determine their presence (see table 4.2 for an example of a 
contingency table used in phi calculations).  
    Trait A 
    Present Absent Total 
Trait B 
Present a b a+b 
Absent c d c+d 
Total a+c b+d a+b+c+d 
Table 4.2 Sample contingency table of values for phi coefficient calculation 
 
Phi is expressed as a correlation coefficient calculated from a 2 x 2 contingency 
table using the following formula: 
Φ =   ad – bc   
√(a+b)(a+c)(b+d)(c+d) 
In the phi coefficient formula, a, b, c, and d represent the cell frequencies from 
the contingency table created for presence and absence of two traits. The result 
of phi can range from -1 to +1, with a result of zero indicating that there is no 
association between the two variables being tested. A score of -1 or +1 indicates 
perfect correlation between the two variables being studied, either in the negative 
direction, meaning that the two variables are completely independent (never 
occur together), or in the positive direction, meaning that the variables are 
completely correlated (always occur together) (Thomas 1976). 
 
The phi-squared test utilizing 2 x 2 contingency tables was used for all possible 
pairs of the 39 traits analyzed, first for the entire group as a whole (males and 
females), then for the males, then the females, for a total of over 2,200 pairwise 
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comparisons. The tests were run to detect correlation at the 0.05 confidence 
level. The results of the phi coefficient analysis were examined for patterns 
between sexes and between regions of the skull. Significant correlations were 
further investigated as to possible etiology of the correlation, and whether there 
were statistically significant sex differences between the correlated traits.  
 
The SPSS Statistics Desktop for Mac, version 21.0.0 (2013) was used to 
calculate phi coefficients and p-values for those phi coefficients. Correlations 
significant at the 0.05 level were further investigated. The pooling of data from the 
different cemeteries is justified by a distance analysis showing they represent an 
evolving deme (Molto 2001) resulted in 2,223 pairwise comparisons being run.  
 
4.7.2 Odds Ratio 
The odds ratio is an additional measure of association that is designed to test the 
link between two categorical variables. In this case, the odds ratio is calculated 
using a 2 x 2 contingency table between two nonmetric traits. An odds ratio of 1 
indicates complete statistical independence between the two traits, and the 
further the odds ratio is from one, the greater the association between the two 
variables (Waldron 2009). According to Waldron, odds ratios larger than 2 are 
usually considered to be substantial enough to take seriously and require further 
investigation (Waldron 2009:262). The odds ratio is superior to the chi-square 
test in the way that, like the phi coefficient, the odds ratio provides information 
about the degree of association, rather than simply whether or not an association 
is present. An odds ratio between 0 and 1 indicates a negative association; an 
odds ratio of 1 indicates no association, and an odds ratio greater than 1 
indicates a positive association, with the strength of the association increasing as 
the value of the odds ratio moves further from 1. Using the information from the 
contingency table found in table 4.2, the formula used to calculate an odds ratio 
is: 
Odds ratio =   (a/c) 
  (b/d) 
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which can be simplified to: 
Odds ratio =   ad 
 bc 
The result for the odds ratio in this nonmetric trait study represents the number of 
times it is more likely for the two traits are to appear together rather than to 
appear separately. For example, an odds ratio of 1.6 for the Mt/Oj pairing for 
males means that the traits Mt and Oj are 1.6 times more likely to occur together 
than separately in this study.  
 
Once the odds ratio has been calculated, a 95% confidence interval for the odds 
ratio is constructed. A 95% confidence interval means that were this calculation 
to be repeated on multiple samples, the calculated confidence interval would 
encompass the true value of the odds ratio 95% of the time. The formula used to 
calculate the 95% confidence interval in its simplest form is: 
Odds Ratio point estimate ± confidence coefficient * standard error 
For a 95% confidence interval, the confidence coefficient is 1.96. The confidence 
interval is calculated on the Ln. (natural logarithm) scale and then converted back 
to the original scale using the following formula: 
Ln(OR) + 1.96 * √1  + 1 + 1 + 1 
          a    b    c    d 
If the 95% confidence interval does not include 1 (the null value), then the 
correlation is thought to be significant. However, the confidence interval should 
not be taken as absolute, and trait pairs with high odds ratio values and 
confidence intervals that encompass the number 1 should not automatically be 
discarded. Instead, these cases will be examined individually to determine 
whether, based on the phi coefficient and the odds ratio, the correlation appears 
significant.  
 
Odds ratios and their 95% confidence intervals will be calculated for every 
possible pair of traits for both males and females separately, and compared to 
the phi coefficient results. Odds ratios will be calculated both with a formula that I 
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have created in Microsoft Excel, and with the use of SPSS Statistics Desktop for 
Mac, version 21.0.0 (2013).  
 
Odds ratios will then be calculated between males and females for all significant 
correlations in order to determine whether statistically significant sex differences 
exist with respect to the incidence of significant intertrait pairs. If statistically 
significant sex differences exist for trait pairs, they will be clearly stated and 
examined for possible causes or commonalities.  
 
Based on a detailed literature review using keyword searches using both Western 
University libraries and Google Scholar, odds ratios have not yet been used to 
calculate intertrait correlation – the phi and chi coefficients have been the two 
most common statistical methods used. One purpose of this research is to 
compare the odds ratio results to the phi coefficient results to determine how 
close the two are in their abilities to show strengths of association. It is possible 
that the odds ratio may be equally appropriate for intertrait correlation 
calculations as the phi coefficient, and the two must be tested alongside one 
another.  
 
4.8 Interpretation of Results 
Once the statistical analysis is complete, the statistically significant intertrait 
correlations will be closely examined. The level of intertrait correlation in the 
Dakhleh population will be calculated, including whether intertrait correlation is 
occurring at a higher or lower level to that expected by chance. Significant 
correlations will be thoroughly investigated by region of the skull, by etiology, and 
by type (hypostotic, hyperostotic, foramina, etc., and accessory ossicles) to 
determine potential causes for the correlation. Highly significant pairs will be 
analyzed in further detail, and explanations for the intertrait correlation will be 
hypothesized.  
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The results of the phi coefficient analysis will be compared to the results from the 
odds ratio analysis, and recommendations will be made as to whether or not to 
use the odds ratio as a test in future intertrait correlation studies.  
 
4.9 Conclusion 
This chapter has overviewed the Kellis and Ain Tirghi cemeteries for their 
suitability for research into intertrait correlation in the Dakhleh Oasis. The 
exceptional preservation and large sample size renders these samples ideal for 
this research. The statistical analyses intended for use in the study have been 
detailed, as have the plans for interpretation of results. The methods used to 
analyze intertrait correlation in the Dakhleh Oasis population will allow for a new 
level of analysis into intertrait correlation and the methods used to calculate 
intertrait correlation in skeletal samples.  
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Chapter 5 
Results 
5.1 Introduction 
This chapter provides the results of the statistical analyses used to test for 
intertrait correlation in the Dakhleh Oasis population. First, the results of the phi 
analysis are presented at the population, male, and female levels. Significant 
correlations are presented both in tables and graphically, and are identified by 
trait type and by region of the skull. Secondly, data are presented for the 
significant correlation, as identified using odds ratios. Lastly, significant 
differences between intertrait correlation levels in males and females are 
presented through odds ratio calculations.  
 
In this chapter, two hypotheses are being tested. The first hypothesis (#1), is that 
in the Dakhleh Oasis population, there will be a significantly higher level of 
intertrait correlation than would be expected by chance. The second hypothesis 
(#2), is that the odds ratio is a suitable test of intertrait correlation, and calculates 
the level of intertrait correlation as well as, or better than, the phi coefficient. The 
results presented in this chapter will be analyzed in further detail in Chapter 6, 
and extrapolations will be made about what intertrait correlation can tell us about 
archaeological populations.  
 
5.2 Phi Coefficient Calculations 
The phi coefficient and corresponding p-value was calculated for every possible 
combination of the 39 nonmetric traits included in the study. For the purposes of 
this research, the significance level of 0.05 was chosen. The following results 
highlight the pairwise intertrait correlations significant at the 0.05 level. Complete 
results for all pairwise comparisons can be found in Appendix B. There were 741 
pairwise comparisons calculated for males, females, and the population as a 
whole, for a total of 2,223 pairwise comparisons in total. The number of 
correlations expected by chance is calculated by multiplying the chosen 
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significance level (0.05 or 0.01) by the total number of tests run (2,223). Thus, 
111 significant correlations would be expected by chance at the 0.05 significance 
level, or 37 per subset. At the 0.01 significance level, we would expect to see 22 
correlations by chance in the population, with just over seven per subset.  
 
5.2.1 Male Phi Coefficient Results 
The  burials from Kellis 1, Kellis 2, the North Tomb at Kellis, and Ain Tirghi were 
pooled, and 741 pairwise comparisons were calculated. The significant 
correlations found in the male subset of the population are presented in table 5.1.  
 
Table 5.1 Significant intertrait correlations in the male population subset 
Trait&Pair
Phi&
Coefficient P/Value Trait&Pair
Phi&
Coefficient P/Value
Mt/Is 0.149 0.04 Dj/Ph 0.149 0.04
Mt/Ao 0.141 0.05 Dj/Bo 0.173 0.02
Mt/Lo 0.174 0.02 Mh/As 0.198 0.03
Mt/Om 0.142 0.05 Oa/Zf 0.190 0.01
Mt/Pn 0.240 0.00 Oa/Lb 0.160 0.03
Mt/Sq 0.140 0.05 Ic/Sf 0.178 0.02
Oj/Oc 0.204 0.01 Ic/Pf /0.169 0.02
Os/Ft /0.149 0.04 Sf/Fg 0.248 0.00
Os/Om 0.152 0.04 Sf/Nr 0.216 0.00
Is/Dj /0.157 0.03 Sf/Bo 0.158 0.03
Is/Mh /0.258 0.00 Fg/Bo 0.144 0.05
Is/At /0.143 0.05 Pf/As 0.153 0.04
Is/Lb 0.361 0.00 Pc/So 0.157 0.04
Is/Pn 0.151 0.04 Pc/Lb /0.188 0.01
Td/Co 0.147 0.04 At/Co 0.277 0.00
Mf/Oa 0.173 0.02 At/Lo /0.165 0.02
Mf/Sf 0.147 0.04 Zf/So 0.166 0.03
Mf/Ft 0.194 0.01 Ph/Lo /0.172 0.02
Mf/Lo /0.202 0.01 Nr/As 0.168 0.02
Ps/Mh 0.278 0.00 Nr/Po 0.141 0.05
Pb/Oc /0.186 0.01 Co/Pn 0.164 0.03
Pb/As 0.186 0.01 Co/Sq 0.158 0.03
Cl/Ca 0.332 0.00 So/Lo 0.148 0.05
Cl/Sf 0.165 0.03 So/Po 0.296 0.00
Cl/Pn /0.150 0.05 Lo/As 0.162 0.03
Ca/Dj 0.181 0.01 Lo/Pn 0.212 0.00
Ca/Mh 0.344 0.00 Lo/Sq 0.191 0.01
Ts/Dj /0.163 0.02 Lo/Po 0.157 0.03
Pt/Fg /0.153 0.04 As/Pn 0.234 0.00
Pt/Ft 0.216 0.00 Om/Pn 0.227 0.00
Dj/At 0.140 0.05 Pn/Sq 0.241 0.00
Male&Intertrait&Correlation&Significant&Pairs
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In table 5.1, there are 62 significant correlations at the significance level of 0.05. 
However, a number of these correlations have a negative phi coefficient, 
meaning that there is a significant correlation between the two traits in the 
negative direction, or more simply, that the two traits are independent. Thus it is 
important to remove negative correlations from the table and subsequent 
analyses. Table 5.2 presents the positive values for intertrait correlation in the 
male population subset.  
 
Table 5.2 Positive significant intertrait correlations in the male population subset 
 
Table 5.2 lists 49 significant correlations between nonmetric trait pairs. Of 741 
pairwise comparisons, we would expect to see 37 significant correlations at the 
0.05 level, and so a result of 49 significant correlations is approximately 25% 
Trait&Pair
Phi&
Coefficient P/Value Trait&Pair
Phi&
Coefficient P/Value
Mt/Is 0.149 0.04 Oa/Zf 0.190 0.01
Mt/Ao 0.141 0.05 Oa/Lb 0.160 0.03
Mt/Lo 0.174 0.02 Ic/Sf 0.178 0.02
Mt/Om 0.142 0.05 Sf/Fg 0.248 0.00
Mt/Pn 0.240 0.00 Sf/Nr 0.216 0.00
Mt/Sq 0.140 0.05 Sf/Bo 0.158 0.03
Oj/Oc 0.204 0.01 Fg/Bo 0.144 0.05
Os/Om 0.152 0.04 Pf/As 0.153 0.04
Is/Lb 0.361 0.00 Pc/So 0.157 0.04
Is/Pn 0.151 0.04 At/Co 0.277 0.00
Td/Co 0.147 0.04 Zf/So 0.166 0.03
Mf/Oa 0.173 0.02 Nr/As 0.168 0.02
Mf/Sf 0.147 0.04 Nr/Po 0.141 0.05
Mf/Ft 0.194 0.01 Co/Pn 0.164 0.03
Ps/Mh 0.278 0.00 Co/Sq 0.158 0.03
Pb/As 0.186 0.01 So/Lo 0.148 0.05
Cl/Ca 0.332 0.00 So/Po 0.296 0.00
Cl/Sf 0.165 0.03 Lo/As 0.162 0.03
Ca/Dj 0.181 0.01 Lo/Pn 0.212 0.00
Ca/Mh 0.344 0.00 Lo/Sq 0.191 0.01
Pt/Ft 0.216 0.00 Lo/Po 0.157 0.03
Dj/At 0.140 0.05 As/Pn 0.234 0.00
Dj/Ph 0.149 0.04 Om/Pn 0.227 0.00
Dj/Bo 0.173 0.02 Pn/Sq 0.241 0.00
Mh/As 0.198 0.03
Male&Positive&Intertrait&Correlation&Significant&Pairs
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higher than what would be expected by chance. In order to easily visualize the 
intertrait correlation in the male population, a shaded matrix of correlation levels 
has been created (see Figure 5.1).  
 
Figure 5.1 Shaded matrix of intertrait correlation based on male p-values 
 
As seen in Fig. 5.1, there are 20 pairwise correlations significant at the 0.01 level. 
In a test of 741 pairs of traits, it would be expected that there would be between 
seven and eight significant correlations found at the 0.01 level. At the 0.01 level 
for male individuals, two and a half times the number of correlations expected by 
chance have been found, which is highly significant. Of those 20 correlations, six 
are between different types of accessory ossicles – sagittal ossicle/pterionic 
ossicle, lambdoidal ossicle/parietal notch ossicle, lambdoidal ossicle/squamosal 
ossicle, asterionic ossicle/parietal notch ossicle, occipito-mastoid ossicle/parietal 
notch ossicle, and parietal notch ossicle/squamosal ossicle. Removing the six 
significant correlations between ossicles, we are left with 14 significant 
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correlations; double what would be expected by chance in the population. The 
significant correlations will be explored further in chapter 6 for etiology and 
possible uses in future nonmetric trait research.  
 
5.2.2 Female Phi Coefficients 
There were 741 pairwise phi correlation calculations completed for the female 
subset of the population. Table 5.3 lists the significant correlations. 
 
Table 5.3 Significant intertrait correlations in the female population subset 
Trait&Pair
Phi&
Coefficient P/Value Trait&Pair
Phi&
Coefficient P/Value
Mt/Is 0.158 0.02 Ts/At 0.212 0.00
Mt/Dh 0.138 0.04 Ts/Zf 0.209 0.00
Mt/Ft 0.128 0.05 Ts/Lo /0.132 0.05
Mt/Lb 0.186 0.01 Ts/Sq 0.135 0.04
Oj/Os /0.143 0.03 Dh/Dj /0.190 0.00
Oj/Td /0.148 0.03 Dh/Nr 0.141 0.03
Oj/Pc 0.148 0.03 Pt/Oa 0.164 0.01
Oj/Co 0.190 0.01 Pt/Co 0.174 0.01
Oj/As 0.200 0.00 Pt/So 0.153 0.02
Os/Dh /0.133 0.05 Dj/Co 0.138 0.04
Os/Fg 0.130 0.05 Mh/Fg 0.232 0.00
Os/Ph 0.155 0.02 Mh/Ao 0.222 0.00
Is/Mf /0.154 0.02 Oa/Pf /0.132 0.05
Is/Pt 0.143 0.03 Sf/Fg 0.130 0.05
Is/Dj 0.143 0.03 Sf/Po /0.186 0.01
Is/Lb 0.139 0.04 Fg/Ft /0.155 0.02
Is/Lo 0.186 0.01 Pf/Lo /0.143 0.03
Td/Mh /0.143 0.05 Ao/As 0.181 0.01
Td/Zf 0.224 0.00 Ft/Ph 0.133 0.05
Ms/Ps 0.142 0.03 Ft/Co 0.174 0.01
Ms/Cl 0.256 0.00 Co/As 0.205 0.00
Ms/Pn 0.134 0.04 So/Lb 0.294 0.00
Ms/Po 0.181 0.01 So/As 0.166 0.01
Mf/Sq 0.172 0.01 So/Om 0.140 0.04
Ps/Mh 0.195 0.01 Lb/Lo 0.136 0.04
Ps/Ao 0.150 0.02 Lo/Pn 0.198 0.00
Cl/Ca 0.257 0.00 As/Om 0.191 0.00
Cl/Po 0.174 0.01 Pn/Sq 0.195 0.00
Ca/Co 0.156 0.02 Pn/Po 0.135 0.04
Ts/Mh 0.194 0.01 Sq/Po 0.187 0.00
Ts/Ic /0.141 0.03
Intertrait&Correlation&Significant&Pairs&/&Female
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Based solely upon the p-values listed in table 5.3, there are 61 pairs of traits that 
demonstrate significant correlation at the 0.05 significance level. As was done 
with the male population subset, however, it is important to remove any negative 
correlations from the table as a negative phi coefficient combined with a 
significant p-value indicates that the two traits in question are actually 
independent, as opposed to dependent. Table 5.4 lists the significant correlations 
with the negative phi coefficients removed.  
 
Table 5.4 Positive significant intertrait correlations in the female population 
subset 
 
Trait&Pair
Phi&
Coefficient P/Value Trait&Pair
Phi&
Coefficient P/Value
Mt/Is 0.158 0.02 Ts/At 0.212 0.00
Mt/Dh 0.138 0.04 Ts/Zf 0.209 0.00
Mt/Ft 0.128 0.05 Ts/Sq 0.135 0.04
Mt/Lb 0.186 0.01 Dh/Nr 0.141 0.03
Oj/Pc 0.148 0.03 Pt/Oa 0.164 0.01
Oj/Co 0.190 0.01 Pt/Co 0.174 0.01
Oj/As 0.200 0.00 Pt/So 0.153 0.02
Os/Fg 0.130 0.05 Dj/Co 0.138 0.04
Os/Ph 0.155 0.02 Mh/Fg 0.232 0.00
Is/Pt 0.143 0.03 Mh/Ao 0.222 0.00
Is/Dj 0.143 0.03 Sf/Fg 0.130 0.05
Is/Lb 0.139 0.04 Ao/As 0.181 0.01
Is/Lo 0.186 0.01 Ft/Ph 0.133 0.05
Td/Zf 0.224 0.00 Ft/Co 0.174 0.01
Ms/Ps 0.142 0.03 Co/As 0.205 0.00
Ms/Cl 0.256 0.00 So/Lb 0.294 0.00
Ms/Pn 0.134 0.04 So/As 0.166 0.01
Ms/Po 0.181 0.01 So/Om 0.140 0.04
Mf/Sq 0.172 0.01 Lb/Lo 0.136 0.04
Ps/Mh 0.195 0.01 Lo/Pn 0.198 0.00
Ps/Ao 0.150 0.02 As/Om 0.191 0.00
Cl/Ca 0.257 0.00 Pn/Sq 0.195 0.00
Cl/Po 0.174 0.01 Pn/Po 0.135 0.04
Ca/Co 0.156 0.02 Sq/Po 0.187 0.00
Ts/Mh 0.194 0.01
Female&Positive&Intertrait&Correlation&Significant&Pairs&
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In a study involving 741 pairwise comparisons of traits, there would be 37 
significant correlations expected to occur by chance at the 0.05 significance level. 
In the case of the female population subset, as in the male subset, there were 49 
significant correlations found as a result of analysis, roughly one quarter more 
than would be expected as a result of chance. See Figure 5.2 for a shaded matrix 
of the intertrait correlation found in the female population.  
 
Figure 5.2 Shaded matrix of intertrait correlation based on female p-values 
 
It is important to note that in the female population, the bregmatic ossicle (Bo) 
was absent in every individual included in the analysis. The phi coefficient is 
unable to be calculated when one of the variables is a constant, which is why, in 
Figure 5.2, there are no values present under either ‘Bo’ column.  
 
There are 49 significant pairwise correlations at the 0.05 level when 37 significant 
correlations would have been expected by chance. Similarly to the male 
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population, the number of significant correlations that are occurring at the 0.01 
level is very interesting. In a test of 741 pairwise comparisons, we would expect 
to see between seven and eight significant correlations based solely on chance. 
In the case of the female population, however, we have 27 pairwise correlations 
significant at the 0.01 level, which is more than triple the number of correlations 
expected by chance. Of the 27 correlations significant at the 0.01 level, seven of 
those pairs were between ossicles – coronal/asterionic, sagittal/lambdic, 
sagittal/asterionic, lambdoidal/parietal notch, asterionic/occipito-mastoid, parietal 
notch/squamosal, and squamosal/pterionic. Even with the high level of correlation 
amongst ossicles, there are 20 other pairs of traits significant at the 0.01 level in 
the female population, which is approximately two and a half times the level that 
would be expected by chance. This high level of intertrait correlation will be 
investigated further and elaborated on in Chapter 6.  
 
5.2.3 Phi Coefficients for the Population as a Whole 
The last set of phi coefficients that were calculated as part of this research project 
are those that were calculated pooling both the male and female population 
subsets. The reason that phi coefficients were calculated for the population as a 
whole as well as the two subsets was to be able to compare whether the traits 
that have been shown to be significantly correlated in either the male or the 
female population subsets are expressed in the same way in the population as a 
whole. An important part of research design in bioarchaeology is deciding 
whether or not to amalgamate the sexes for analysis, and so it is important to 
research whether intertrait correlation is uniform across the population. If intertrait 
correlation is uniform amongst the males, females, and the population as a 
whole, then it is safe to pool the sexes to increase the sample size when 
conducting nonmetric trait research. If, however, intertrait correlation shows 
statistically significant differences between males and females, or between the 
sexes and the population as a whole, then the sexes must not be pooled simply 
to increase sample size in future research.  
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Overall, there were 70 significant correlations between nonmetric traits in the 
population as a whole (37 would be expected by chance), demonstrating that 
pooled data have a higher rate of correlation than the subsets. For a breakdown 
of those traits, see table 5.5.  
 
Table 5.5 Significant intertrait correlations in the population as a whole 
Trait&Pair
Phi&
Coefficient P/Value Trait&Pair
Phi&
Coefficient P/Value
Mt/Is 0.156 0.00 Ts/As /0.101 0.04
Mt/Zf 0.106 0.03 Ts/Sq 0.100 0.04
Mt/So 0.104 0.03 Pt/Ft 0.098 0.04
Mt/Lb 0.113 0.02 Pt/So 0.106 0.03
Mt/Lo 0.105 0.03 Dj/Mh 0.127 0.03
Mt/Pn 0.127 0.01 Dj/Ph 0.105 0.03
Oj/Os /0.103 0.04 Dj/Co 0.133 0.01
Oj/Is 0.142 0.00 Dj/Bo 0.128 0.01
Oj/Pc 0.108 0.03 Mh/Fg 0.128 0.03
Oj/Co 0.145 0.00 Oa/Lb 0.116 0.02
Oj/As 0.120 0.02 Ic/Oc /0.102 0.04
Oj/Po 0.131 0.01 Sf/Fg 0.182 0.00
Os/Ps /0.096 0.05 Sf/Nr 0.095 0.05
Os/Ic /0.097 0.05 Sf/Bo 0.105 0.03
Os/Ph 0.119 0.02 Sf/Po /0.100 0.04
Is/Ms 0.136 0.01 Fg/Ft /0.115 0.02
Is/Mh /0.180 0.00 Pc/Ft /0.107 0.03
Is/At /0.096 0.05 At/Co 0.132 0.01
Is/Lb 0.222 0.00 At/Lo /0.155 0.02
Is/Lo 0.160 0.00 Oc/Lo 0.099 0.04
Is/Po 0.105 0.03 Co/As 0.163 0.00
Td/Zf 0.175 0.00 So/Lb 0.175 0.00
Td/Oc 0.110 0.02 So/Lo 0.132 0.01
Ms/Cl 0.178 0.00 So/Po 0.107 0.03
Ms/Po 0.138 0.01 Lb/Lo 0.110 0.02
Mf/Sq 0.103 0.03 Lo/As 0.139 0.01
Ps/Mh 0.256 0.00 Lo/Pn 0.204 0.00
Pb/Oc /0.146 0.00 Lo/Sq 0.130 0.01
Pb/Nr 0.112 0.02 Lo/Po 0.134 0.01
Pb/As 0.121 0.01 As/Om 0.151 0.00
Cl/Ca 0.295 0.00 As/Pn 0.103 0.03
Ca/Mh 0.155 0.01 Om/Pn 0.152 0.00
Ca/Pn /0.105 0.04 Pn/Sq 0.213 0.00
Ts/Sf /0.094 0.05 Pn/Po 0.116 0.02
Ts/Zf 0.139 0.01 Sq/Po 0.181 0.00
Intertrait&Correlation&Significant&Pairs&/&Population
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As with both the male and female population subsets, it is important to remove 
negative phi coefficients from the data to be analyzed, as a negative phi 
coefficient and significant p-value indicate strong independence of two traits. 
Table 5.6 lists the significant correlations with negative phi coefficients removed.  
 
Table 5.6 Positive significant intertrait correlations in the population as a whole 
 
In the population as a whole, there are 56 significant pairwise correlations 
present after the independent traits have been removed from the analysis, where 
Trait&Pair
Phi&
Coefficient P/Value Trait&Pair
Phi&
Coefficient P/Value
Mt/Is 0.156 0.00 Pt/Ft 0.098 0.04
Mt/Zf 0.106 0.03 Pt/So 0.106 0.03
Mt/So 0.104 0.03 Dj/Mh 0.127 0.03
Mt/Lb 0.113 0.02 Dj/Ph 0.105 0.03
Mt/Lo 0.105 0.03 Dj/Co 0.133 0.01
Mt/Pn 0.127 0.01 Dj/Bo 0.128 0.01
Oj/Is 0.142 0.00 Mh/Fg 0.128 0.03
Oj/Pc 0.108 0.03 Oa/Lb 0.116 0.02
Oj/Co 0.145 0.00 Sf/Fg 0.182 0.00
Oj/As 0.120 0.02 Sf/Nr 0.095 0.05
Oj/Po 0.131 0.01 Sf/Bo 0.105 0.03
Os/Ph 0.119 0.02 At/Co 0.132 0.01
Is/Ms 0.136 0.01 Oc/Lo 0.099 0.04
Is/Lb 0.222 0.00 Co/As 0.163 0.00
Is/Lo 0.160 0.00 So/Lb 0.175 0.00
Is/Po 0.105 0.03 So/Lo 0.132 0.01
Td/Zf 0.175 0.00 So/Po 0.107 0.03
Td/Oc 0.110 0.02 Lb/Lo 0.110 0.02
Ms/Cl 0.178 0.00 Lo/As 0.139 0.01
Ms/Po 0.138 0.01 Lo/Pn 0.204 0.00
Mf/Sq 0.103 0.03 Lo/Sq 0.130 0.01
Ps/Mh 0.256 0.00 Lo/Po 0.134 0.01
Pb/Nr 0.112 0.02 As/Om 0.151 0.00
Pb/As 0.121 0.01 As/Pn 0.103 0.03
Cl/Ca 0.295 0.00 Om/Pn 0.152 0.00
Ca/Mh 0.155 0.01 Pn/Sq 0.213 0.00
Ts/Zf 0.139 0.01 Pn/Po 0.116 0.02
Ts/Sq 0.100 0.04 Sq/Po 0.181 0.00
Intertrait&Correlation&Significant&Pairs&/&Population&(positive)
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37 are expected stochastically. This is one and a half times the number that 
would be expected as a result of chance. See Figure 5.3 for a shaded matrix of 
the p-values for correlation for the population as a whole.  
 
 
Figure 5.3 Shaded correlation matrix for p-values for population as a whole 
 
As can be seen in Fig. 5.3, there are 31 significant intertrait correlations found at 
the 0.01 significance level, when seven or eight would be expected by chance. 
The presence of 31 significant correlations indicates that intertrait correlation is 
occurring in this population at approximately four times the level that would be 
expected to occur by chance. Of those 31 significant correlations, 11 are between 
pairs of ossicles, including coronal/asterionic, sagittal/lambdic, 
sagittal/lambdoidal, lambdoidal/asterionic, lambdoidal/parietal notch, 
lambdoidal/squamosal, lambdoidal/pterionic, asterionic/occipito-mastoid, occipito-
mastoid/parietal notch, parietal notch/squamosal, and squamosal/pterionic. Aside 
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from the high level of correlation amongst the ossicles in the population, there are 
20 additional pairs of traits correlated at the 0.01 level, which is two and a half 
times the level that would be expected to be seen by chance.  
 
Intertrait correlation is occurring in the Dakhleh Oasis crania at a higher level than 
would be expected by chance, suggesting an underlying ontogenetic cause for 
the intertrait correlation, likely a genetic relationship. A comparison between the 
separate male and female data and the pooled data will occur in Chapter 6.  
 
5.3 Significant Correlations by Trait Type 
The four types of traits – hypostotic, hyperostotic, ossicles, and canals/foramina – 
may occur at different levels within the population. In this section, the results for 
correlation levels between each type of nonmetric trait will be presented for both 
males and females. For the purposes of this research, traits were divided into 
categories based on established nonmetric trait research (Ossenberg 1969; 
Molto 1983; Saunders 1989). If one type of trait demonstrates higher levels of 
correlation than other types, the results will be further examined in chapter 6.  
 
5.3.1 Hypostotic traits 
The hypostotic traits included in this study are the metopic suture (Mt), Os 
japonicum (Oj), open foramen spinosum (Os), infraorbital suture (Is), tympanic 
dehiscence (Td), mendosal suture (Ms), and the occipital suture (Oc). Table 5.7 
lists the correlations between hypostotic traits in the male population, with p-
values above the dashed line and phi coefficients under the line.  
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Table 5.7 Male hypostotic trait correlations, p-values above phi coefficients 
 
In the male population, there are two significant correlations between hypostotic 
traits at the 0.05 significance level (Mt/Is and Oj/Oc), and one significant 
correlation exists at the 0.01 significance level (Oj/Oc) (the Ms/Oc correlation has 
a negative phi coefficient and has been eliminated). In a small sample size such 
as this one (seven hypostotic traits result in only 21 pairwise comparisons), just 
over one significant correlation would be expected at the 0.05 significance level. 
The presence of two significant correlations instead of one is not high enough to 
suggest a genetic linkage between hypostotic traits in the male population 
subset.  
 
Table 5.8 lists the correlations between hypostotic traits for the female population 
subset being studied.  
 
Table 5.8 Female hypostotic trait correlations, p-values above phi coefficients 
Mt Oj Os Is Td Ms Oc
Mt * 0.67 0.58 0.04 0.48 0.49 0.40
Oj 0.03 * 0.62 0.13 0.67 0.39 0.01
Os 0.04 *0.04 * 0.25 0.92 0.45 0.48
Is 0.15 0.11 0.08 * 0.26 0.09 0.29
Td *0.05 0.03 *0.01 0.08 * 0.19 0.10
Ms 0.05 0.06 0.06 0.12 *0.10 * 0.36
Oc 0.06 0.20 *0.05 0.08 0.12 *0.07 *
Male9Hypostotic9Nonmetric9Trait9Correlation
Mt Oj Os Is Td Ms Oc
Mt * 0.67 0.24 0.02 0.39 0.26 0.17
Oj 0.03 * 0.03 0.09 0.03 0.37 0.15
Os 0.08 *0.14 * 0.12 0.86 0.95 0.10
Is 0.16 0.12 0.11 * 0.69 0.06 0.19
Td 0.06 *0.15 *0.01 *0.03 * 0.62 0.11
Ms 0.07 0.06 0.00 0.13 *0.03 * 0.42
Oc 0.09 *0.10 0.11 0.09 0.11 0.05 *
Female;Hypostotic;Nonmetric;Trait;Correlation
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In the female population, there are three significant correlations at the 0.05 
significance level (Mt/Is, Oj/Os, and Oj/Td), and no significant correlations at the 
0.01 significance level. Two of the significant correlations, however, have 
negative phi coefficients (Oj/Os and Oj/Td), excluding them from the analysis 
because negative phi values indicate independence in this case. In a sample of 
this size, with 21 pairwise comparisons being conducted, approximately one 
significant correlation at the 0.05 level would be expected by chance, and less 
than one correlation would be expected by chance at the 0.01 significance level. 
Because we are seeing correlation at the level expected by chance in both 
subsets, there is no strong genetic influence believed to associate the hypostotic 
traits in the female population, and the hypostotic traits are believed to be the 
result of independent genetic expression. This result is surprising given that the 
occurrence of hypostotic traits has been found to be higher in females than in 
males.  
 
5.3.2 Hyperostotic traits 
The hyperostotic traits included in this study are the pterygospinous spur (Ps), 
pterygobasal spur (Pb), clino-clinoid bridge (Cl), carotico-clinoid bridge (Ca), 
trochlear spur (Ts), divided hypoglossal canal (Dh), precondylar tubercle (Pt), 
mylohyoid bridge (Mh), ossified apical ligament (Oa), divided jugular canal (Dj), 
marginal foramen (Mf), supraorbital foramen (Sf), and the intermediate condylar 
canal (Ic). Table 5.9 lists the p-values (above the dash) and phi coefficients 
(below the dash) for the male pairwise comparisons of the hyperostotic traits.  
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Table 5.9 Male hyperostotic trait correlations, p-values above phi coefficients 
 
In the male population, there are 9 significant correlations at the 0.05 significance 
level (Mf/Oa, Mf/Sf, Ps/Mh, Cl/Ca, Cl/Sf, Ca/Dj, Ca/Mh, Ts/Dj, and Ic/Sf). One of 
these can be excluded as it has a negative phi coefficient (Ts/Dj), leaving eight 
significant correlations at the 0.05 level. Of those eight traits, four (Ps/Mh, Cl/Ca, 
Ca/Dj, and Ca/Mh) are also significant at the 0.01 level. Because there were 78 
pairwise comparisons calculated, we would expect to see fewer than four 
significant correlations at the 0.05 level and just under one significant correlation 
at the 0.01 level. Thus there are approximately four times the number of 
significant correlations expected at the 0.01 level, and so the hypothesis of 
independence in hyperostotic traits (Ps, Mh, Cl, Ca, and Dj) is rejected. A 
common genetic origin may be a plausible explanation for the high positive 
correlations between these traits. The most significant of the correlations will be 
explored further in chapter 6.  
 
For the female population, table 5.10 lists the pairwise correlations between 
hyperostotic traits.  
Mf Ps Pb Cl Ca Ts Dh Pt Dj Mh Oa Ic Sf
Mf 2 0.76 0.74 0.82 0.89 0.63 0.24 0.97 0.98 0.59 0.02 0.98 0.04
Ps 20.02 2 0.92 0.30 0.39 0.17 0.76 0.38 0.25 0.00 0.59 0.41 0.89
Pb 20.02 0.01 2 0.69 0.93 0.76 0.47 0.30 0.75 0.53 0.43 0.27 0.72
Cl 20.02 20.08 0.03 2 0.00 0.52 0.55 0.53 0.73 0.78 0.39 0.98 0.03
Ca 0.01 0.06 20.01 0.33 2 0.64 0.22 0.72 0.01 0.00 0.91 0.67 0.21
Ts 20.03 0.10 0.02 20.05 20.04 2 0.98 0.11 0.02 0.99 0.10 0.49 0.36
Dh 0.09 0.02 0.05 20.04 0.09 0.00 2 0.88 0.11 0.17 0.53 0.57 0.87
Pt 0.00 20.07 20.08 0.05 20.03 0.12 0.01 2 0.71 0.79 0.23 0.12 0.98
Dj 0.00 0.08 0.02 0.03 0.18 20.16 0.12 20.03 2 0.06 0.56 0.64 0.67
Mh 0.05 0.28 0.06 0.03 0.34 0.00 0.12 20.02 20.17 2 0.94 0.45 0.34
Oa 0.17 0.04 0.06 0.06 0.01 0.12 0.05 20.09 20.04 20.01 2 0.56 0.08
Ic 0.00 0.06 0.08 0.00 0.03 0.05 0.04 0.12 0.03 0.07 20.04 2 0.02
Sf 0.15 20.01 0.03 0.17 0.09 20.07 20.01 0.00 0.03 20.08 0.13 0.18 2
Male?Hyperostotic?Trait?Comparisons
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Table 5.10 Female hyperostotic trait correlations, p-values above phi coefficients 
 
In the female population, there are six significant correlations at the 0.05 level 
(Ps/Mh, Cl/Ca, Ts/Mh, Ts/Ic, Dh/Dj, Pt/Oa), two of which have negative phi 
coefficients indicating independence of the two traits (Ts/Ic and Dh/Dj). All of the 
four remaining traits (Ps/Mh, Cl/Ca, Ts/Mh, Pt/Oa) are significant at the 0.01 
level. In a test of 78 pairwise comparisons, we would expect to see just under 
four significant correlations at the 0.05 level and just under one significant 
correlation at the 0.01 level. Because there are four significant correlations at the 
0.01 level, which is more than four times what would be expected by chance, it is 
possible that some of the hyperostotic traits are linked to one another (Ps, Mh, Cl, 
Ca, Pt, and Oa) using the 0.01 significance level. Highly significant correlations 
will be further investigated in chapter 6.  
 
5.3.3 Ossicles 
The ossicle-related traits included in this study are the coronal ossicle (Co), 
bregmatic ossicle (Bo), sagittal ossicle (So), lambdic ossicle (Lb), lambdoidal 
ossicle (Lo), asterionic ossicle (As), occipito-mastoid ossicle (Om), parietal notch 
ossicle (Pn), squamosal ossicle (Sq), and pterionic ossicle (Po). Table 5.11 lists 
Mf Ps Pb Cl Ca Ts Dh Pt Dj Mh Oa Ic Sf
Mf 2 0.19 0.47 0.55 0.16 0.46 0.06 0.09 0.28 0.59 0.80 1.00 0.84
Ps 0.09 2 0.63 0.71 0.34 0.92 0.15 0.38 0.77 0.01 0.38 0.73 0.93
Pb 0.05 0.03 2 0.12 0.56 0.49 0.61 0.43 0.19 0.22 0.54 0.09 0.57
Cl 0.04 0.05 0.10 2 0.00 0.48 0.35 0.21 0.93 0.69 0.21 0.50 0.81
Ca 20.10 0.06 20.04 0.26 2 0.89 0.36 0.66 0.47 0.34 0.18 0.44 0.90
Ts 20.05 0.01 20.05 0.05 20.01 2 0.20 0.90 0.59 0.01 0.90 0.03 0.08
Dh 20.13 0.10 20.03 0.06 0.06 20.08 2 0.24 0.00 0.24 0.62 0.43 0.42
Pt 0.11 20.06 0.05 20.08 20.03 20.01 20.08 2 0.12 0.36 0.01 0.59 0.44
Dj 0.07 20.02 0.09 0.01 20.05 0.04 20.19 0.10 2 0.33 0.10 0.58 0.57
Mh 20.04 0.20 0.09 20.03 20.07 0.19 20.09 20.07 0.07 2 0.36 0.12 0.72
Oa 20.02 20.06 20.04 20.08 20.09 20.01 20.03 0.16 20.11 20.07 2 0.20 0.43
Ic 0.00 0.02 20.11 0.05 0.05 20.14 0.05 20.04 0.04 20.12 20.09 2 0.93
Sf 20.01 20.01 20.04 0.02 0.01 20.12 20.05 20.05 0.04 0.03 20.05 20.01 2
FemaleAHyperostoticATraitAComparisons
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the correlations for the male population subset for the ossicles, with p-values 
above the dashed line and phi coefficients under the line.  
 
Table 5.11 Male ossicle trait correlations, p-values above phi coefficients 
 
For the male population subset, there are 10 pairwise correlations significant at 
the 0.05 level, none of which have negative phi coefficients (Co/Pn, So/Lo, 
So/Po, Lo/As, Lo/Pn, Lo/Sq, Lo/Po, As/Pn, Om/Pn, and Pn/Sq). Of these 
significant correlations, six are significant at the 0.01 level (So/Po, Lo/Pn, Lo/Sq, 
As/Pn, Om/Pn, and Pn/Sq). In a sample of 45 pairwise comparisons, two to three 
significant correlations are expected by chance at the 0.05 level and less than 
one significant correlation at the 0.01 level. Because there are 10 significant 
correlations at the 0.05 level in this sample and six significant correlations at the 
0.01 level, it is hypothesized that there is a genetic connection between the 
ossicles, with the exception of the bregmatic ossicle (Bo) and the lambdic ossicle 
(Lb) in the male population, a connection that will be further discussed in chapter 
6.  
 
Table 5.12 lists the correlations for the female population of the subset for the 
ossicle-related traits, with the p-values above the dashed line and the phi 
coefficients below the line.  
Co Bo So Lb Lo As Om Pn Sq Po
Co . 0.82 0.65 0.78 0.59 0.08 0.17 0.03 0.03 0.49
Bo .0.02 . 0.78 0.18 0.95 0.58 0.72 0.64 0.80 0.63
So .0.03 .0.02 . 0.35 0.05 0.96 0.50 0.73 0.09 0.00
Lb 0.02 0.10 0.07 . 0.21 0.29 0.81 0.90 0.22 0.47
Lo 0.04 0.00 0.15 0.09 . 0.03 0.61 0.00 0.01 0.03
As 0.13 .0.04 0.00 .0.08 0.16 . 0.16 0.00 0.14 0.10
Om 0.10 .0.03 .0.05 0.02 0.04 0.10 . 0.00 0.54 0.87
Pn 0.16 .0.04 0.03 0.01 0.21 0.23 0.23 . 0.00 0.43
Sq 0.16 .0.02 0.12 0.09 0.19 0.11 .0.05 0.24 . 0.06
Po 0.05 .0.04 0.30 .0.05 0.16 0.12 .0.01 0.06 0.13 .
Male>Ossicle>Trait>Comparisons
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Table 5.12 Female ossicle trait correlations, p-values above phi coefficients 
 
For the female population, the bregmatic ossicle (Bo) was absent in all crania in 
the population. Thus phi coefficients could not be generated (shown as ‘–‘ in the 
table). Of the 36 pairwise comparisons that were completed, 10 trait pairs were 
found to be significant at the 0.05 level (Co/As, So/Lb, So/As, So/Om, Lb/Lo, 
Lo/Pn, As/Om, Pn/Sq, Pn/Po, and Sq/Po), none of which had negative phi 
coefficients. Of the 10 traits, seven were significant at the 0.01 level (Co/As, 
So/Lb, So/As, Lo/Pn, As/Om, Pn/Sq, and Sq/Po). In a sample size of 36 pairwise 
comparisons, we would expect to see less than two significant correlations at the 
0.05 level and less than one correlation at the 0.01 level, so we are seeing more 
than seven times the expected level of correlation at the 0.01 level. Because of 
this higher than expected rate of correlation, it is hypothesized that there is a 
genetic linkage between the ossicle traits in the female population, which will be 
discussed further in chapter 6.  
 
5.3.4 Foramina and Canals 
The traits classified as foramina and canals and included in this study are the 
frontal grooves (Fg), parietal foramen (Pf), absent posterior condylar canal (Pc), 
anomalous temporal artery (At), absent zygomaticofacial foramen (Zf), and 
accessory optic foramen (Ao). Table 5.13 lists the correlations for these traits in 
Co Bo So Lb Lo As Om Pn Sq Po
Co . . 0.68 0.61 0.58 0.00 0.60 0.48 0.64 0.71
Bo . . . . . . . . . .
So .0.03 . . 0.00 0.07 0.01 0.04 0.06 0.81 0.95
Lb .0.04 . 0.29 . 0.04 0.46 0.71 0.37 0.45 0.30
Lo .0.04 . 0.12 0.14 . 0.07 0.74 0.00 0.15 0.06
As 0.21 . 0.17 .0.05 0.12 . 0.00 0.88 0.28 0.34
Om .0.04 . 0.14 0.03 0.02 0.19 . 0.12 0.46 0.16
Pn .0.05 . 0.13 0.06 0.20 0.02 0.10 . 0.00 0.04
Sq .0.03 . 0.02 0.05 0.10 0.07 0.05 0.20 . 0.00
Po 0.03 . 0.00 0.07 0.13 0.06 0.09 0.14 0.19 .
Female>Ossicle>Trait>Comparisons
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the male population subset, with p-values above the dashed line and phi 
coefficients below.  
 
Table 5.13 Male foramina/canal trait correlations, p-values above phi coefficients 
 
Of the 15 pairwise comparisons run for the male foramina and canal traits, there 
are no significant correlations. In a sample of 15 pairwise comparisons, it would 
be expected to see less than one significant correlation at the 0.05 level and 
significantly less than one (0.15) significant correlation at the 0.01 level. Here we 
are seeing levels of correlation at or below what would be expected by chance, 
suggesting a very limited role for genetics on regional influences. All these traits 
are diffusely scattered in the skull; that is they are not regionally associated.   
 
Table 5.14 lists the correlations for the foramina and canal traits in the female 
population subset, with p-values above the dashed line and phi coefficients 
under. 
 
Table 5.14 Female foramina/canal trait correlations, p-values above phi 
coefficients 
Fg Pf Pc At Zf Ao
Fg * 0.71 0.55 1.00 1.00 0.99
Pf 0.03 * 0.68 0.28 0.61 0.25
Pc *0.05 0.03 * 0.14 0.69 0.52
At 0.00 0.28 0.11 * 0.56 0.29
Zf 0.00 0.04 0.03 *0.04 * 0.12
Ao 0.00 0.08 *0.05 0.08 0.11 *
Male:Foramina:and:Canal:Trait:
Comparisons
Fg Pf Pc At Zf Ao
Fg * 0.66 0.40 0.58 0.86 0.25
Pf 0.03 * 0.09 0.29 0.83 0.75
Pc 0.06 0.11 * 0.67 0.37 0.77
At *0.04 0.07 *0.03 * 0.73 0.51
Zf *0.01 0.02 *0.06 0.02 * 0.08
Ao 0.08 0.02 0.02 *0.04 *0.12 *
Female:Foramina:and:Canal:Trait:
Comparisons
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As in the male population subset, in the female subset we see no correlations 
significant at the 0.05 significance level or the 0.01 level. In a sample size of 15 
pairwise comparisons, we would expect to see less than one significant 
correlation at the 0.05 level and significantly less than one (0.15) correlation at 
the 0.01 level. We are seeing correlation either at or below the levels expected by 
chance in the female population subset, and so again a common genetic linkage 
between the foramina/canal traits is exceedingly low.   
 
5.4 Regional Correlations 
The last analysis conducted with the results of the phi coefficient calculations was 
a regional analysis of correlation in the basiocciput region of the skull. It has been 
hypothesized that the basiocciput nonmetric traits – the divided hypoglossal canal 
(Dh), precondylar tubercle (Pt), ossified apical ligament (Oa), the intermediate 
condylar canal (Ic), the pharyngeal fossa (Ph) and notochord remnant (Nr) are a 
result of cranial shifting at the occipitovertebral border (Barnes 1994). However, if 
these six traits are a result of a genetically controlled process (cranial shifting), 
then there should be a much higher degree of correlation between the traits than 
would be expected by chance. Table 5.15 lists the correlations for the basiocciput 
region in the male population subset, with the p-values above the dashed line 
and phi coefficients below.  
 
Table 5.15 Male basiocciput trait correlation, p-values above phi coefficients 
 
In the male population subset, there are no significant correlations between traits 
at either the 0.05 or 0.01 significance levels. In a sample size of 15 pairwise 
Dh Pt Oa Ic Ph Nr
Dh + 0.88 0.53 0.57 0.83 0.49
Pt 0.01 + 0.23 0.12 0.61 0.29
Oa 0.05 +0.09 + 0.56 0.81 0.14
Ic 0.04 0.12 +0.04 + 0.18 0.25
Ph 0.02 +0.04 +0.02 0.10 + 0.53
Nr +0.05 +0.08 0.11 0.09 0.05 +
Male:Basiocciput:Traits:
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comparisons, we would expect less than one correlation as a result of chance for 
both the 0.05 and 0.01 significant levels. In the male population subset, the 
absence of any significant correlations does not support Barnes’ hypothesis that 
the basiocciput traits together are a result of cranial shifting in the vertebral 
column. If the traits were genetically influenced by a developmental cranialization 
(cranial shifting), we would expect to see higher correlation levels between the 
traits than shown.  
 
Barnes states that “when cranial border shifting occurs, it is found more often in 
females than in males” (Barnes 1994:80). Table 5.16 lists the correlations for the 
basiocciput region in the female population subset, with the p-values above the 
dashed line and the phi coefficients below.  
 
Table 5.16 Female basiocciput trait correlation, p-values above phi coefficients 
 
In the female population subset, there are two significant correlations present at 
the 0.05 significance level (Dh/Nr and Pt/Oa), and one correlation significant at 
the 0.01 level (Pt/Oa). The results seem to confirm Barnes’ observation that 
cranial shifting is present more commonly in females than in males, however two 
significant correlations at the 0.05 level and one significant correlation at the 0.01 
level are not enough to support the hypothesis that there is a strong genetic 
linkage between the six basiocciput traits. Noteworthy is the fact that these two 
hyperostotic traits occur adjacently near the anterior border of the foramen 
magnum and the association could in fact support Barnes’ hypothesis. However, 
the lack of association in the males challenges this hypothesis.  
Dh Pt Oa Ic Ph Nr
Dh + 0.24 0.62 0.43 0.45 0.03
Pt +0.07 + 0.01 0.59 0.17 0.99
Oa +0.03 0.16 + 0.20 0.51 0.99
Ic 0.05 +0.04 +0.09 + 0.83 0.73
Ph +0.05 0.09 0.04 0.01 + 0.62
Nr 0.14 0.00 0.00 0.02 0.03 +
Female;Basiocciput;Traits
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5.5 Odds Ratios 
To test whether the odds ratio is an acceptable alternative to the phi coefficient 
as a statistical test for intertrait correlation, odds ratios were calculated for all 
possible pairwise comparisons for both the male and female groups. Any trait pair 
with an odds ratio of two or higher was included in a list of significant correlations 
for further investigation and comparison with the phi results. In addition, any trait 
pair with a 95% confidence interval that did not encompass the number one was 
included in a list of significant correlations for further investigation. Table 5.17 
below lists each significant correlation (either according to the odds ratio point 
estimate or the 95% confidence interval) for the male population subset.  
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Trait&Pair
Odds&
Ratio 95%&CI Trait&Pair
Odds&
Ratio 95%&CI
Mt/Is 2.83 1.016,&7.899 Ms/Ic 2.53 0.740,&8.640
Mt/Oa 2.06 0.535,&7.949 Ms/Zf 2.58 0.774,&8.572
Mt/Ao 5.00 0.852,&29.328 Ms/Ao 2.88 0.311,&26.691
Mt/Co 2.33 0.247,&22.019 Ms/So 2.29 0.255,&20.613
Mt/So 3.81 0.686,&21.166 Mf/Oa 4.21 1.177,&15.074
Mt/Lo 3.46 1.194,&10.046 Mf/Sf 2.90 0.999,&8.428
Mt/As 2.70 0.877,&8.286 Mf/Ao 2.46 0.268,&22.513
Mt/Om 3.80 0.915,&15.753 Mf/Ft 6.07 1.391,&26.506
Mt/Pn 5.61 1.829,&17.201 Mf/Ph 2.30 0.793,&6.692
Mt/Sq 4.91 0.837,&28.814 Mf/Nr 2.37 0.757,&7.423
Mt/Po 2.63 0.779,&8.892 Mf/So 2.13 0.238,&19.035
Oj/Is 3.42 0.646,&18.106 Mf/Lb 2.14 0.631,&7.245
Oj/Ms 2.53 0.279,&22.909 Ps/Ts 2.13 0.705,&6.430
Oj/Mf 2.13 0.238,&19.035 Ps/Mh 4.32 1.667,&11.203
Oh/Dh 2.28 0.431,&12.089 Ps/So 2.14 0.395,&11.598
Oj/Pt 3.34 0.356,&31.370 Pb/Ao 2.56 0.458,&14.328
Oj/Fg 2.64 0.572,&12.203 Pb/Ft 3.07 0.770,&12.257
Oj/At 2.52 0.278,&22.772 Pb/Co 2.01 0.328,&12.333
Oj/Oc 8.60 1.441,&51.330 Pb/As 3.11 1.269,&7.614
Oj/Ph 3.23 0.699,&14.942 Cl/Ca 5.90 2.574,&13.539
Oj/Co 7.16 0.692,&74.224 Cl/Sf 2.45 1.097,&5.469
Oj/So 4.61 0.477,&44,558 Cl/Ao 2.64 0.462,&15.130
Oj/Lb 2.25 0.413,&12.198 Cl/Lb 2.00 0.757,&5.287
Oj/Po 3.79 0.682,&21.036 Ca/Dj 2.37 1.176,&4.768
Os/Om 4.60 0.967,&21.904 Ca/Mh 5.46 2.160,&13.774
Os/Po 2.36 0.866,&6.428 Ca/Bo 2.79 0.171,&45.462
Is/Ms 2.81 0.816,&9.681 Ts/Oa 2.70 0.795,&9.189
Is/Lb 10.71 3.538,&32.443 Ts/So 3.79 0.682,&21.036
Is/Pn 2.86 1.024,&7.975 Ts/Lb 2.43 0.790,&7.441
Is/Sq 2.67 0.476,&14.931 Dh/Bo 4.69 0.222,&99.059
Td/Ao 3.63 0.704,&18.653 Dh/So 2.42 0.457,&12.788
Td/Oc 2.69 0.808,&8.943 Pt/Ic 2.42 0.776,&7.538
Td/Co 5.44 0.878,&33.665 Pt/Ft 7.20 1.614,&32.122
Td/Bo 3.50 0.214,&57.154 Pt/So 2.49 0.274,&22.500
Ms/Mf 2.32 0.465,&11.602 Pt/Om 3.75 0.709,&19.829
Ms/Dh 2.18 0.646,&7.324 Dj/At 3.05 0.934,&9.928
Male&Significant&Odds&Ratios&and&Confidence&Intervals
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Table 5.17 Male significant odds ratios and 95% confidence intervals 
Trait&Pair&
Odds&
Ratio 95%&CI
Trait&
Pair
Odds&
Ratio 95%&CI
Dj/Ft 2.87 0.796,&10.365 Zf/So 4.97 1.066,&23.204
Dj/Ph 2.01 1.026,&3.947 Zf/Lb 2.20 0.926,&5.249
Dj/Co 4.40 0.714,&27.171 Zf/Pn 2.00 0.692,&5.777
Dj/Bo 14.59 0.688,&309.221 Ao/Ft 3.93 0.415,&37.285
Mh/Bo 4.00 0.242,&66.194 Ao/So 5.73 0.577,&56.968
Mh/As 3.09 1.110,&8.587 Oc/So 2.55 0.281,&23.046
Oa/Sf 2.35 0.897,&6.148 Oc/Lo 2.32 0.673,&7.976
Oa/Zf 3.39 1.276,&8.998 Oc/Po 3.22 0.794,&13.025
Oa/Ao 2.25 0.238,&21.237 Ph/Bo 2.42 0.49,&39.355
Oa/Nr 2.18 0.765,&6.212 Ph/Sq 2.43 0.476,&12.447
Oa/Co 2.24 0.237,&21.106 Nr/Co 2.94 0.473,&18.290
Oa/So 3.65 0.657,&20.258 Nr/As 2.83 1.135,&7.075
Oa/Lb 3.08 1.055,&8.976 Nr/Po 2.62 0.961,&7.131
Oa/Om 2.64 0.507,&13.729 Co/As 4.64 0.735,&29.255
Ic/Sf 2.21 1.155,&4.248 Co/Om 4.30 0.439,&42.133
Ic/At 2.05 0.634,&6.655 Co/Pn 6.51 1.016,&41.714
Ic/Ft 2.07 0.576,&7.440 Co/Sq 8.90 0.836,&94.705
Ic/Bo 2.08 0.128,&33.914 Co/Po 2.17 0.231,&20.438
Ic/Om 2.53 0.740,&8.654 Bo/Lb 5.61 0.341,&92.288
Sf/Fg 3.04 .1585,&5.823 So/Lb 2.21 0.407,&11.967
Sf/Nr 3.04 1.432,&6.472 So/Lo 6.72 0.793,&57.005
Sf/Bo 12.03 0.568,&254.594 So/Sq 5.73 0.577,&56.968
Fg/Co 2.98 0.484,&18.281 So/Po 13.42 2.756,&65.313
Fg/Bo 9.96 0.471,&210.642 Lb/Sq 2.83 0.494,&16.240
Fg/Lb 2.08 0.931,&4.649 Lo/As 2.69 1.097,&6.576
Pf/At 2.06 0.538,&7.861 Lo/Pn 4.81 1.533,&15.114
Pf/Ao 3.36 0.385,&29.377 Lo/Sq 15.49 0.860,&279.059
Pf/Oc 3.44 0.733,&16.178 Lo/Po 2.89 1.061,&7.893
Pf/As 2.91 1.039,&8.121 As/Om 2.66 0.656,&10.783
Pc/So 7.31 0.861,&61.995 As/Pn 4.96 1.731,&14.203
Pc/As 2.11 0.874,&5.109 As/Sq 3.50 0.607,&20.196
At/Ao 3.16 0.340,&29.476 As/Po 2.50 0.820,&7.620
At/Ph 2.61 0.804,&8.489 Om/Pn 6.69 1.745,&25.673
At/Co 19.44 2.450,&154.298 Pn/Sq 10.50 1.956,&56.366
At/Sq 3.11 0.334,&28.971
Zf/Ao 3.44 0.669,&17.688
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For the male population subset, there were many more significant correlations 
when using the odds ratio point estimate than the phi coefficient (142 significant 
correlations with the odds ratio point estimate, versus 62 significant phi 
correlations at the 0.05 level).  
 
Table 5.18 lists each significant correlation by odds ratio and confidence interval 
for the female population.  
 
Trait&
Pair
Odds&
Ratio 95%&CI
Trait&
Pair
Odds&
Ratio 95%&CI
Mt/Is 4.04 1.168,&13.983 Ms/Pn 2.82 1.003,&7.902
Mt/Dh 2.68 1.035,&6.963 Ms/Po 3.41 1.360,&8.543
Mt/Zf 2.14 0.942,&4.854 Mf/Ps 2.19 0.670,&7.190
Mt/Ft 3.92 0.925,&16.637 Mf/Pt 3.21 0.782,&13.206
Mt/Oc 2.54 0.652,&9.917 Mf/Co 3.81 0.334,&43.471
Mt/Bo 7.14 0.139,&366.982 Mf/Bo 7.04 0.137,&361.585
Mt/So 2.57 0.653,&10.142 Mf/Om 2.18 0.667,&7.128
Mt/Lb 4.22 1.452,&12.267 Mf/Sq 4.26 1.340,&13.554
Oj/Pt 2.01 0.397,&10.184 Ps/Mh 4.41 1.349,&14.429
Oj/Pc 2.48 1.089,&5.653 Ps/Fg 2.51 0.920,&6.864
Oj/Ao 2.81 0.520,&15.235 Ps/Ao 5.91 1.052,&33.256
Oj/Co 14.54 1.273,&166.011 Ps/Nr 2.19 0.576,&8.350
Oj/Bo 6.49 0.126,&333.492 Ps/Bo 12.82 0.246,&666.972
Oj/As 3.94 1.519,&10.243 Pb/Nr 2.03 0.843,&4.901
Os/Fg 1.72 1.000,&2.954 Pb/Sq 2.41 0.828,&6.953
Os/At 2.11 0.631,&7.056 Cl/Ca 4.58 2.018,&10.380
Os/Oc 2.94 0.775,&11.177 Cl/Bo 5.77 0.113,&295.950
Os/Ph 1.99 1.105,&3.571 Cl/Lo 2.03 0.942,&4.397
Is/Ms 3.23 0.920,&11.348 Cl/Po 2.77 1.259,&6.108
Is/Pt 9.80 0.563,&170.848 Ca/Co 10.23 0.903,&115.916
Is/Dj 2.40 1.049,&1.495 Ca/Bo 4.87 0.095,&249.169
Is/Oa 4.03 0.494,&32.843 Ts/Mh 3.96 1.337,&11.751
Is/Oc 2.71 0.584,&12.574 Ts/At 6.10 1.930,&20.343
Is/Nr 2.41 0.788,&7.384 Ts/Zf 3.70 1.579,&8.649
Is/Lb 4.27 0.955,&19.127 Ts/Bo 8.83 0.171,&455.445
Is/Lo 2.20 1.233,&3.943 Ts/Sq 3.43 1.003,&11.726
Td/Zf 2.74 1.513,&4.978 Dh/Nr 2.93 1.046,&8.183
Td/Oc 2.47 0.780,&7.622 Pt/Dj 2.71 0.733,&10.040
Ms/Ps 3.60 1.058,&12.264 Pt/Oa 6.66 1.213,&36.535
Ms/Cl 5.66 2.158,&14.824 Pt/Ao 3.94 0.429,&36.304
Ms/Pt 2.66 0.526,&12.422 Pt/Ph 2.38 0.665,&8.487
Ms/Mh 2.03 0.611,&6.733 Pt/Co 13.19 1.080,&161.004
Ms/Bo 10.07 0.195,&521.163 Pt/Bo 22.68 0.427,&1206.112
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Table 5.18 Female significant odds ratios and 95% confidence intervals 
 
As with the male population subset, there were many more significant 
correlations when using the odds ratio point estimate than the phi coefficient (131 
correlations for the odds ratio point estimate versus 61 significant correlations for 
the phi coefficient). The results from the phi coefficient analysis will be compared 
Trait&
Pair
Odds&
Ratio 95%&CI
Trait&
Pair
Odds&
Ratio 95%&CI
Pt/So 5.80 1.065,&31.587 Ft/Pn 3.27 0.775,&13.763
Pt/Lb 3.14 0.615,&16.046 Oc/Bo 15.59 0.298,&816.667
Dj/Co 8.57 0.759,&96.768 Oc/Lb 2.23 0.454,&10.928
Dj/Bo 3.99 0.078,&203.770 Oc/Lo 2.45 0.732,&8.205
Dj/So 2.12 0.609,&7.388 Ph/Co 4.72 0.420,&52.973
Dj/Sq 2.31 0.737,&7.266 Ph/Bo 2.32 0.046,&118.335
Mh/Fg 4.25 0.634,&1.034 Nr/Bo 8.82 0.171,&455.523
Mh/Ao 8.72 1.637,&46.474 Co/Bo 67.71 1.117,&3750.547
Mh/Bo 7.68 0.148,&397.789 Co/As 16.78 1.46,&192.379
Mh/Sq 2.47 0.621,&9.804 Bo/So 17.40 0.331,&913.886
Oa/Bo 20.33 0.384,&1075.909 Bo/Lb 11.86 0.228,&615.956
Oa/Sq 3.94 0.759,&20.482 Bo/As 7.71 0.150,&396.880
Oa/Po 2.30 0.624,&8.475 Bo/Om 10.38 0.201,&537.956
Ic/Ft 2.17 0.562,&8.344 Bo/Pn 5.95 0.116,&305.395
Ic/Bo 2.62 0.051,&133.525 Bo/Sq 13.58 0.261,&707.998
Sf/Fg 1.77 1.008,&3.120 Bo/Po 3.15 0.062,&160.487
Sf/Bo 2.25 0.044,&114.454 So/Lb 10.93 3.048,&39.227
Fg/Ao 2.37 0.517,&10.841 So/Lo 3.24 0.852,&12.284
Fg/Oc 2.01 0.652,&6.187 So/As 4.45 1.235,&16.049
Zf/Ft 2.00 0.520,&7.695 So/Om 4.02 0.989,&16.348
Zf/Bo 2.48 0.049,&126.368 So/Pn 3.17 0.898,&11.212
Ao/Ft 4.42 0.474,&41.142 Lb/Lo 2.96 1.021,&8.605
Ao/Ph 3.24 0.704,&14.886 Lo/As 2.17 0.924,&5.098
Ao/Nr 3.73 0.682,&20.446 Lo/Pn 3.33 1.474,&7.536
Ao/Bo 28.73 0.533,&1548.577 Lo/Sq 2.24 0.739,&6.758
Ao/As 6.68 1.403,&31.813 As/Om 4.36 1.494,&12.735
Ft/Oc 2.18 0.251,&18.855 As/Sq 2.08 0.545,&7.906
Ft/Ph 4.01 0.931,&17.282 Om/Pn 2.35 0.785,&7.021
Ft/Co 13.63 1.116,&166.326 Om/Po 2.02 0.754,&5.428
Ft/Bo 23.32 0.439,&1239.617 Pn/Sq 4.77 1.573,&14.442
Ft/Lo 3.86 0.785,&19.007 Pn/Po 2.27 1.028,&5.017
Ft/As 4.28 1.003,&18.288 Sq/Po 4.27 1.472,&12.400
Ft/Om 3.45 0.663,&17.896
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to the results of the odds ratio analysis in chapter 6 to determine whether the 
odds ratio is a suitable test for intertrait correlation.  
 
5.6 Male vs. Female Intertrait Correlation 
In order to test whether there are significant differences between the male and 
female expression of intertrait correlation, odds ratios were run using 
‘male/female’ as the exposure variable, and ‘traits present together/traits present 
separately’ as the outcome variable. Odds ratios were run for any pairwise 
comparison of traits that had shown a significant correlation in either the male or 
female population subset using the phi coefficient. Odds ratios were first 
calculated using ‘male’ as the exposure variable to determine which traits had 
significant sex differences in favour of the male sex, and then using ‘female’ as 
the exposure variable to determine which traits had significant sex differences in 
favour of the female sex. The significant outcomes for the odds ratios run using 
male as the exposure variable are listed in table 5.19.  
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Table 5.19 Significant differences in expression of trait correlation – male 
 
Interpretation of the odds ratios demonstrates that there are 27 nonmetric trait 
pairs that occur more frequently in the males than in the females (odds ratio > 2).  
 
Traits
Male*P,
value
Female*P,
value Odds*Ratio 95%*CI
Mt/Ao 0.050 0.804 2.95 0.251,*34.681
Mt/Pn 0.001 0.436 2.26 0.630,*8.122
Oj/Oc 0.005 0.150 15.74 0.711,*348.556
Is/Lb 0.000 0.040 3.33 1.648,*6.710
Td/Co 0.043 0.219 12.93 0.652,*256.252
Mf/Oa 0.018 0.799 5.92 0.624,*56.130
Mf/Ft 0.007 0.947 5.53 0.537,*56.862
Ca/Dj 0.014 0.468 4.01 1.512,*10.640
Ca/Mh 0.000 0.339 11.75 2.507,*55.078
Pt/Ft 0.003 0.514 7.80 0.376,*161.876
Dj/At 0.054 0.669 3.36 0.648,*17.411
Dj/Bo 0.017 n/a 4.69 0.219,*100.367
Mh/As 0.026 0.734 4.90 0.970,*24.789
Oa/Zf 0.011 0.223 14.93 1.829,*121.889
Oa/Lb 0.032 0.804 4.94 0.561,*43.507
Sf/Nr 0.003 0.625 4.21 1.573,*11.269
Sf/Bo 0.030 n/a 6.35 0.299,*135.016
Fg/Bo 0.048 n/a 6.92 0.327,*146.675
At/Co 0.000 0.681 6.74 0.294,*154.470
Zf/So 0.025 0.786 2.27 0.483,*10.648
Nr/As 0.021 0.271 9.63 1.170,*79.210
Nr/Po 0.053 0.516 2.83 0.782,*10.265
Co/Pn 0.025 0.477 8.66 0.396,*189.286
Co/Sq 0.030 0.640 5.84 0.217,*157.588
So/Po 0.000 0.948 4.21 0.864,*20.512
As/Pn 0.001 0.881 2.98 0.804,*11.011
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Table 5.20 lists the significant sex differences for the traits that favour the female 
expression, that is, traits that are more likely to be present in combination in 
females than in males.  
 
Table 5.20 Significant differences in expression of trait correlation – female 
 
Trait&Pairs Male&P,value Female&P,value Odds&Ratio 95%&CI
Mt/Dh 0.359 0.036 2.16 0.915,&5.120
Mt/Ft 0.986 0.047 2.53 0.249,&25.769
Oj/Pc 0.552 0.027 4.06 1.320,&12.484
Oj/As 0.966 0.003 6.32 0.748,&53.322
Os/Fg 0.505 0.049 1.71 1.015,&2.879
Is/Lo 0.070 0.007 1.62 1.007,&2.601
Td/Zf 0.229 0.001 2.04 0.987,&4.206
Ms/Ps 0.932 0.030 2.67 0.458,&15.534
Ms/Cl 0.320 0.000 2.92 0.729,&11.675
Ms/Pn 0.816 0.042 4.24 0.485,&37.162
Ms/Po 0.549 0.006 2.64 0.541,&12.844
Mf/Sq 0.466 0.008 7.06 0.371,&134.255
Ps/Ao 0.967 0.023 3.68 0.313,&43.323
Cl/Po 0.460 0.009 5.13 1.101,&23.917
Ca/Co 0.727 0.021 2.83 0.247,&32.446
Ts/Mh 0.987 0.008 2.33 0.537,&10.140
Ts/At 0.234 0.001 11.75 0.622,&221.813
Ts/Zf 0.602 0.002 2.27 0.765,&6.714
Ts/Sq 0.584 0.038 2.88 0.301,&27.440
Pt/Oa 0.226 0.013 9.55 0.433,&210.683
Pt/Co 0.534 0.010 5.29 0.197,&131.748
Pt/So 0.403 0.023 2.00 0.165,&24.192
Mh/Ao 0.367 0.003 9.93 0.487,&202.308
Ao/As 0.331 0.007 8.32 0.411,&168.460
Ft/Co 0.592 0.008 4.43 0.164,&119.489
Ft/As 0.206 0.034 8.42 0.418,&169.738
So/Lb 0.347 0.000 4.00 0.707,&22.617
So/As 0.956 0.014 4.14 0.436,&39.260
So/Om 0.495 0.037 4.71 0.230,&96.619
Pn/Po 0.431 0.039 2.13 0.561,&8.081
Significant&Differences&in&Trait&Correlation&Expression&,&Female
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Interpretation of the female odds ratios indicates that there are 30 pairs of traits 
that occur significantly more frequently (odds ratio > 2 and/or confidence interval 
not encompassing 1) in females than in males.  
 
The odds ratio point estimate tells us how many times more likely an individual 
with a given pair of traits in common is to be male versus female. For example, 
for the trait pair Mt/Ao in the male population, an individual exhibiting those two 
traits together is 2.95 times more likely to be male than female. While some of the 
confidence intervals do include the number one, they also encompass abnormally 
large ranges. It is believed that the small sample sizes are the reason for the 
wide confidence intervals. For example, the outcome variable categories in this 
analysis are ‘traits present together’, meaning that both traits being analyzed 
were scored as present, and ‘traits present separately’, meaning that either one 
of the traits being scored was present, but not both. Because the nonmetric traits 
being studied are rare traits, the ‘traits present together’ category is much smaller 
than the ‘traits present separately’ category. Additionally, because the traits are 
rare, the ‘common absence’ category consistently has the highest value in 
contingency tables. Because this particular analysis does not include the 
individuals who do not exhibit either trait being analyzed, the common absence 
cell is eliminated from this analysis thus drastically reducing the sample size for 
each pairwise comparison. The trend in this analysis is that the smaller sample 
sizes lead to the widest confidence intervals, and as the sample sizes increase, 
the confidence intervals narrow. This high degree of variability and small sample 
size are believed to be the causes of the wide confidence intervals. Because the 
confidence intervals are so wide and asymmetrical (in some case, with the top 
end of the confidence interval being higher than 300, but the lower end cannot be 
below 0), it is expected that some of the confidence intervals may encompass the 
number one even if the correlation is actually significant. In this particular case, 
all of the confidence intervals that encompass the number one are associated 
with large odds ratio point estimates (greater than two), and all are wide intervals. 
This method comparing males versus females is recommended as being superior 
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to doing odds ratios for the separate sexes. Further discussion of the odds ratio 
results for sex differences will occur in chapter 6.  
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Chapter 6 
Discussion and Conclusion 
6.1 Introduction 
In bioarchaeology there has been a long-held assumption that nonmetric traits 
occur independently of each other, meaning that each nonmetric trait is the result 
of distinct and genetically meaningful alleles. This major assumption forms the 
basis for genetic distance studies, and has rarely been tested. Based on the 
results presented in the previous chapter and the questions set forth in Chapter 
1, this chapter will discuss the bioarchaeological implications for intertrait 
correlation of nonmetric traits. This chapter addresses the results of the phi 
coefficient and odds ratio calculations, and will include an analysis of the 
significance of intertrait correlation in the Dakhleh Oasis population. Differences 
in the occurrence of intertrait correlation between males and females will be 
highlighted. Significant pairs of traits will be analyzed in further detail, and the 
findings related to intertrait correlation by type of trait and region of the skull will 
be highlighted. The odds ratio test will be examined in terms of its suitability for 
future studies of intertrait correlation, and what it can tell us about the individuals 
at Dakhleh. Finally, this chapter will highlight methodological concerns in 
nonmetric trait research, and provide recommendations for future nonmetric 
studies based on the results of the intertrait correlation studies in this analysis.  
 
6.2 Significance of Intertrait Correlation 
When the phi coefficients were calculated for all possible pairs of traits in the 
population as a whole, 31 significant correlations appeared at the 0.01 
significance level, though in a sample of that size only seven or eight correlations 
would be expected by chance. In the population as a whole, we are seeing 
intertrait correlation at approximately four times the level that would be expected 
by chance. In the male population subset, there are 20 significant intertrait 
correlations at the 0.01 level, meaning that intertrait correlation is occurring in the 
male population subset at two and a half times the frequency expected by 
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chance. In the female population subset, there are 27 significant correlations at 
the 0.01 significance level, which is between three and four times the number of 
correlations that would be expected by chance. Because intertrait correlation is 
occurring at such a high level both in the population as a whole and in the male 
and female population subsets, Ho is rejected and the alternate hypothesis (Ha) 
that intertrait correlation is occurring at a level significantly higher than chance in 
the Dakhleh Oasis is accepted. The acceptance of this hypothesis means that 
intertrait correlation is a significant factor in genetic distance analyses, and it is 
important for researchers to account for correlation in their research design. The 
most common method of accounting for intertrait correlation in the past has been 
to remove correlated traits from the sample, and base genetic distance studies 
only on traits that have been proven independent of each other, a model known 
as the reductionist model (Molto 1983). Based on the results of this research, the 
reductionist model should be used in future nonmetric trait studies in order to 
avoid overstating or understating genetic influence as a result of including 
correlated traits in the study. It should be emphasized that this research may be 
the first to study intertrait correlation at such an in-depth level, and the findings of 
this research are directly applicable to the Dakhleh Oasis population only. While 
intertrait correlation levels may be similar in other populations, it is important to 
test for correlation in each genetically distinct population being studied. 
 
6.3 Male and Female Differences in Intertrait Correlation 
When the phi coefficient was calculated for trait pairs, 49 significant correlations 
were found in the male population at the 0.05 significance level when 37 would 
be expected by chance, and 20 significant correlations at the 0.01 significance 
level when between seven and eight significant correlations would be expected 
by chance. Similarly, in the female population subset, there were 49 significant 
correlations found at the 0.05 level and 27 significant correlations found at the 
0.01 level. It appears, then, that intertrait correlation is occurring at similar levels 
in both the male and female population subsets. It is important, however, to 
determine how many of the significant correlations at the 0.05 and 0.01 
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significance levels are common to both males and females. Of the 49 significant 
correlations at the 0.05 significance level in the male and female populations (for 
a total of 98 all together), only seven of those trait pairs are significantly 
correlated in both sexes (Mt/Is, Is/Lb, Ps/Mh, Cl/Ca, Sf/Fg, Lo/Pn, and Pn/Sq), 
meaning that there are 42 significant correlations in males that do not occur in 
females and 42 significant correlations in females that do not occur in males. At 
the 0.01 significance level, there are four trait pairs that are significant in both 
males and females (Ps/Mh, Cl/Ca, Lo/Pn, and Pn/Sq), meaning that in the male 
population there are 16 significant correlations that do not appear in the female 
population, and in the female population there are 23 significant correlations that 
do not appear in the male population.  
 
Odds ratios were calculated for any pairs of traits that were significantly 
correlated at the 0.05 significance level in either the male or female population 
subset, for a total of 91 trait pairs. The odds ratios were calculated twice – once 
using the male sex as the exposure variable, and once using the female sex as 
the exposure variable. The results demonstrated that of the 91 trait pairs 
examined in this section, 27 of those trait pairs were significantly more likely to 
occur in males than in females (with an odds ratio point estimate equal to or 
greater than 2, meaning that an individual expressing a given trait pair is at least 
twice as likely to be male than female), and 30 of those trait pairs were 
significantly more likely to occur in females than in males (with an odds ratio point 
estimate equal to or greater than 2, indicating that an individual expressing that 
trait pair is at least twice as likely to be female as male).  
 
Based on the results of the statistical analyses conducted as part of this 
research, there appear to be significant differences in intertrait correlation 
between the male and female individuals in the Dakhleh Oasis. Historically, for 
the purposes of nonmetric trait research, significant differences in trait occurrence 
between males and females have not been tested and male and female groups 
have traditionally been amalgamated for genetic distance analyses. Because 
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there are such large differences in intertrait correlation between the males and 
females in this study, caution should be used when making decisions to 
amalgamate the sexes for nonmetric trait analysis, particularly in samples from 
the Dakhleh Oasis. While it has been asserted that most nonmetric trait studies 
incorporate such small sample sizes that any effect of intertrait correlation should 
not be significant enough to effect the genetic distance analysis (Sjovold 1977), a 
sex-influenced effect of intertrait correlation should not be ignored. In order for 
future researchers to make the best decision regarding research design, the risks 
must be balanced between 1) amalgamating the sexes but possibly having the 
results of analysis affected by intertrait correlation, or 2) keeping the sexes 
separate in order to reduce the impact of intertrait correlation but further 
decreasing an already small sample size by dividing it by sex. In this particular 
case, only seven of 49 significant correlations in each sex overlapped, which 
means that there are 84 distinct correlations in the male and female population 
subset. In a scenario with fewer distinct correlated trait pairs (for example, equal 
numbers of shared and distinct correlated trait pairs between the sexes), it might 
be permissible to pool the sexes for analysis. In order to develop a strict guideline 
for pooling of the sexes in nonmetric trait analysis, it would be helpful to conduct 
a similar study on a distinct population and compare the levels of correlation 
between the sexes. Ultimately, as a result of the finding of significant sex 
differences in intertrait correlation levels, when possible, males and females 
should be analyzed separately in order to prevent differences in intertrait 
correlation from skewing the analysis.  
 
6.4 Analysis of Significant Trait Pairs 
In this section, the seven trait pairs found to be significant at the 0.05 level in both 
the male and female population subsets will be expanded upon.  Possible 
reasons for the trait association will be suggested, and further analysis of the 
Sf/Fg pair will be undertaken.  
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The metopic suture and infraorbital suture (Mt/Is) are significantly correlated in 
both population groups, with a p-value of 0.04 in the males and 0.02 in the 
females. Both traits are hypostotic, suggesting that the linkage may be a result of 
a paedomorphic trend. However, the correlation between the remainder of the 
hypostotic traits is low, and the results of the phi analysis between pairs of 
hypostotic traits does not indicate a strong degree of genetic linkage between 
expression of the traits. The strong correlation between the metopic suture and 
infraorbital suture may be better explained using a regional hypothesis. While the 
two traits do not occur on the same bone (the metopic suture is located on the 
frontal bone and the infraorbital suture is on the maxilla), they are both located in 
the same region of the skull, indicating a possible regional developmental origin 
for the traits. The correlation between the metopic suture and infraorbital suture is 
believed to be a combination of trait type and trait region.  
 
The infraorbital suture and lambdic ossicle (Is/Lb) are significantly correlated in 
both the males (p=0.00) and the females (p=0.04). However, while the two traits 
are strongly correlated in the Dakhleh population, there does not appear to be a 
common origin for the two traits, because they are different trait types and also 
from different regions of the skull. This correlation may be stochastic, or random.  
 
The pterygospinous spur and mylohyoid bridge (Ps/Mh) are significantly 
correlated in both groups, with a male p-value of 0.00 and a female p-value of 
0.01. Both traits are hyperostotic traits, indicating a common developmental origin 
to explain the correlation. The traits are located on the sphenoid bone and the 
mandible, respectively, meaning that skull region is not thought to be a factor in 
the correlation of these two traits.  
 
The lambdoidal ossicle and parietal notch ossicle (Lo/Pn) are significantly 
correlated with a male p-value of 0.00 and a female p-value of 0.00. Additionally, 
the parietal notch ossicle and the squamosal ossicle (Pn/Sq) are significantly 
correlated with a male p-value of 0.00 and a female p-value of 0.00. Both of these 
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trait pairs are between ossicles that are located in the same region of the skull, 
implying both a regional and/or a trait type influence in the correlation. 
Correlations between ossicles are not uncommon, and the handling of these 
correlations in genetic distance studies will be discussed in the next section.  
 
Clino-clinoid bridging and carotico-clinoid bridging (Cl/Ca) are significantly 
correlated in both males and females, with the p-value for each group as 0.00. 
These two traits are both hyperostotic, and located directly next to one another, 
creating an expected correlation between the two. In fact, a correlation between 
these traits has been found by Molto (1983) for an Ontario Iroquoian population. 
He hypothesized that the reason for the high degree of correlation between the 
two types of clinoid bridging is that the two traits are alternative manifestations of 
the same underlying hyperostotic variable (Molto 1983:166). Other researchers 
have combined the two traits and simply score clinoid bridging, instead of 
distinguishing between the two types (Ossenberg 1969).  
 
The last significant trait pair is the supraorbital foramen and frontal grooves 
(Sf/Fg), with a male p-value of 0.00 and a female p-value of 0.05. While the two 
traits are of different trait types, there is a strong regional connection in that both 
traits occur on the frontal bone. It is thought that the frontal grooves are created 
as a result of the passage of one or more branches of the supraorbital nerve, and 
that the supraorbital foramen provides the passage of vessels and nerves from 
the orbit to the forehead (Hauser and De Stefano 1989). This common function of 
the two traits likely explains the high degree of intertrait correlation between the 
traits. The supraorbital foramen and frontal grooves have been found to be 
correlated with one another in Ontario Iroquoian populations and Arctic 
populations, and are believed to be the result of both regional and developmental 
factors combined, meaning that this correlation is not unique to populations in the 
Dakhleh Oasis (Ossenberg 1969; Molto 1983). Here we are seeing a regional 
effect that seems to be transcending populations, an idea that might be 
considered for future research on the subject. In light of the significance of the 
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supraorbital foramen and frontal grooves correlation, the trait pair will be 
examined in a greater detail here, risking the impact of reducing the sample size 
even further, which will impact the standard error and should have an impact on 
the confidence interval.  
 
Odds ratios were used to test whether there is a significant link between age and 
expression of the Sf/Fg correlation. In order to run these tests, a subset of the 
population was divided into three age categories: A (18-25 years), B (26-35 
years), and C (36-45 years). Odds ratios were then run for each age category 
comparing co-expression of the supraorbital foramen and frontal grooves and 
singular expression of either trait with male and female sex. Results for this test 
are listed in table 6.1  
!! Odds!Ratio!!
95%!
Confidence!
Interval!!
A! 1.71! 0.74<3.99!
B! 0.54! 0.18<1.61!
C! 0.51! 0.11<2.53!
Table 6.1 Odds Ratios comparing age and Sf/Fg 
 
The results of this odds ratio test indicate that the presence of the supraorbital 
foramen and frontal groove occur together slightly more often in younger 
individuals and less frequently in older individuals. However, the value of these 
results is equivocal because of the small sample size used to run the tests. This 
test is not meant to provide concrete information about the age prevalence of the 
intertrait correlation, rather to suggest a potential avenue for future studies.  
 
Lastly, individuals at Kellis 2 who exhibited both frontal grooves and a 
supraorbital foramen were mapped in order to determine whether or not they 
were clustered together in the cemetery, possibly indicating family relationships. 
Kellis 2 was specifically used for this analysis because the cemetery 
demonstrates Christian burial practices, as opposed to Kellis 1 and Ain Tirghi 
which represent pagan burial practices and are therefore not thought to be 
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organized by kinship (Bowen 2003). All graves at Kellis 2 are aligned on an east-
west axis with only minor deviations that are thought to represent either winter or 
summer burials (Bowen 2003). The burial practices used at the cemetery 
(corpses wrapped tightly in a linen shroud, placed directly into burial pits, head-
to-the-west orientation, minimal grave goods, and infant burials dispersed 
amongst the adults) are consistent with the Christian tradition, and so the 
individuals buried at Kellis 2 have been identified as members of the Christian 
population at Kellis (Bowen 2003). The belief that Kellis contained a sizeable 
Christian community is supported by the discovery of three churches at the site, 
as well as documentary attestation of a Christian from the village (Bowen 
2003:168). Because of these Christian burial practices, Kellis 2 is believed to be 
organized along kinship lines (Molto 2002).  
 
When mapping intertrait correlation at Kellis 2, it was expected that there would 
be clusters of individuals with the Sf/Fg intertrait correlation to indicate that 
individuals were buried in family groups. Amongst the male population, 14 
individuals had the Sf/Fg trait pair. Of those 14 individuals, 11 also had a divided 
hypoglossal canal (Dh) present. The individuals were mapped and were 
dispersed fairly evenly throughout the cemetery. Within the female population, 17 
individuals had the Sf/Fg trait pair, and of those 17, 11 also presented with an 
infraorbital suture (Is). When these 17 individuals were mapped in the cemetery, 
they were spread fairly evenly with a few small clusters interspersed. When the 
male and female individuals are mapped together (see Figure 6.1), some minor 
clustering is evident, but not on a large scale. These results are surprising, and 
do not support the hypothesis that individuals exhibiting highly correlated trait 
pairs will be found clustered together in the cemetery as a result of family burials. 
There is minor clustering amongst the males within the population, but the 
females are scattered more diffusely. Possible explanations for the lack of 
concentrated clustering include that the Sf/Fg trait pair may not be the most 
appropriate trait pair to map familial relationships, and that the factors of time and 
space need to be considered together because the cemetery was used over a 
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span of approximately 400 years. This example is merely a preliminary 
investigation into the use of intertrait correlation to determine family relationships 
in cemeteries, but the results are not exceptionally promising. If, however, future 
analyses were to find that highly correlated trait pairs cluster around family 
groups, intertrait correlation may be used as a model for determining genetic 
relationships in an archaeological population.  
 
Directions for future research in intertrait correlation include a more in-depth 
spatial analysis of significantly correlated trait pairs in the Kellis 2 cemetery (or 
any other population with adequate context), combined with DNA testing to 
definitively determine familial relationships within the cemetery. By first using 
nonmetric traits and intertrait correlation to identify potential genetic relationships 
within the cemetery, it is possible to drastically reduce the cost of genetic 
analyses using DNA. DNA analysis is very expensive, and if preliminary familial 
relationships can be identified using morphological means, the number of 
individuals in a cemetery requiring DNA analysis can be drastically reduced. By 
reducing the number of DNA tests required and therefore the cost, conducting 
family studies on an archaeological population will be made possible in a number 
of situations with limited access to funding.  
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Figure 6.1 Individuals with the Sf/Fg correlation, male and female 
 
6.5 Intertrait Correlations by Trait Type and Trait Region 
Both trait type and trait region were analyzed for intertrait correlation in order to 
determine whether either the type or region of a trait pair is a contributing factor 
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to levels of correlation. Trait type analyses will be discussed first, followed by the 
discussion of the regional analysis.  
 
For hypostotic traits and traits relating to foramina or canals in both the male and 
female populations, intertrait correlation occurred at a level either equal to or 
below that expected by chance. This low level of intertrait correlation implies that 
the hypostotic traits and the foraminal traits in this study are independent of one 
another, and can be used in genetic distance analysis without problem.  
 
Intertrait correlation in the hyperostotic class of traits occurred at approximately 
four times the level expected by chance at the 0.01 significance level. This high 
level of intertrait correlation suggests that not all of the hyperostotic traits are 
independent of one another. In the male population, the four significant 
correlations at the 0.01 significance level are Ps/Mh, Cl/Ca, Ca/Dj, and Ca/Mh. In 
the female population, the four significant correlations at the 0.01 level are 
Ps/Mh, Cl/Ca, Ts/Mh, and Pt/Oa.  
 
Because the mylohyoid groove (Mh) is located on the mandible, correlations with 
that trait do not have a regional explanation, and are more likely to be explained, 
as in this case, by trait type. The pterygospinous spur (Ps), clino-clinoid bridge 
(Cl), and carotico-clinoid bridge (Ca) are all located on the sphenoid bone, 
meaning that in addition to being hyperostotic traits, there may be a regional 
explanation for the correlation between the three traits. The precondylar tubercle 
(Pt) and ossified apical ligament (Oa) are both located at the anterior aspect of 
the foramen magnum, indicating a possible regional explanation for this 
correlation as well. In this case, it is important to eliminate the most highly 
correlated traits for genetic distance analysis in order to avoid overstatement of 
the significance of the mean measure of divergence calculation. In this particular 
case, it is suggested that the carotico-clinoid bridge (Ca), and mylohyoid groove 
(Mh) be eliminated from any distance analyses conducted on the Dakhleh 
population.  
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For the ossicles, intertrait correlation occurred at a much higher level than would 
be expected by chance – greater than six times what would be expected by 
chance for the male population at the 0.01 significance level and greater than 
seven times what would be expected by chance for the female population at the 
0.01 significance level. In the male population, the significant correlations at the 
0.01 level are So/Po, Lo/Pn, Lo/Sq, As/Pn, Om/Pn, and Pn/Sq. In the female 
population, the correlations significant at the 0.01 level are Co/As, So/Lb, So/As, 
Lo/Pn, As/Om, Pn/Sq, and Sq/Po. Overall, there is a very high level of correlation 
between the ossicles.  
 
In some cases, it has been suggested that ossicles should be grouped together 
as one nonmetric trait for the purposes of genetic distance analyses because of 
their high degree of correlation (Ossenberg 1976). In other cases, the ossicles 
correlated the least with other ossicles have been kept in the analysis. For 
example, Molto (1983) retained the pterionic ossicle in his study of Ontario 
Iroquoian crania because he found it to be virtually independent of all other 
accessory sutural ossicles. The lambdic bone was also included in the study 
because it was found to be associated with all of the other ossicles, and it is the 
least ambiguous ossicle to score, thus reducing observer error (Molto 1983). In 
this case, however, the lambdic ossicle (Lb) was not highly correlated with all 
other ossicles – in the males it was uncorrelated with any other ossicle at the 
0.01 level, and in females only one significant correlation was present, that with 
the sagittal ossicle (So).  
 
The different methods used for the handling of ossicles in nonmetric trait analysis 
owes to the large amount of between-population variability. It is therefore 
important to test for intertrait correlation in any population being studied in order 
to appropriately eliminate the most highly correlated traits from further analysis. In 
this case, the most highly correlated ossicles that would be removed if the mean 
measure of divergence were to be calculated are the parietal notch ossicle (Pn), 
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squamosal ossicle (Sq), asterionic ossicle (As), sagittal ossicle (So), and 
lambdoidal ossicle (Lo). The accessory ossicles in the analysis that have no 
significant correlations amongst one another are: the coronal ossicle (Co), 
bregmatic ossicle (Bo), lambdic ossicle (Lb), occipito-mastoid ossicle (Om), and 
the pterionic ossicle (Po).  
 
Regional correlations in the basiocciput region of the skull were analyzed in order 
to investigate Barnes’ (1994) hypothesis of cranial shifting as a developmental 
field defect. Barnes states that there is a strong tendency for shifts to occur at the 
craniovertebral border, and that these shifts are genetically linked. If this cranial 
shift has an influence on the presence of nonmetric traits, it would be expected 
that the nonmetric traits of the basiocciput region (a number of which have been 
posited by Barnes to be expressions of a cranial shift) should occur together and 
at significant levels of correlation. Regional analysis was conducted for the traits 
of the basiocciput – the divided hypoglossal canal (Dh), precondylar tubercle (Pt), 
ossified apical ligament (Oa), intermediate condylar canal (Ic), pharyngeal fossa 
(Ph), and notochord remnant (Nr). In the male population subset, there were no 
significant correlations between these six traits at the 0.01 significance level, 
which is what would be expected by chance. In the female population subset, 
there was one significant correlation at the 0.01 significance level (Pt/Oa), which 
is slightly higher than what would be expected by chance. Additionally, a previous 
study found complete independence of the six nonmetric traits located on the 
atlas bone (which would also be affected by a shift at the craniovertebral border) 
(Edwards 2005). The lack of correlation between the traits of the basiocciput and 
also between the traits on the atlas suggests that cranial shifting is not a factor 
contributing to the expression of nonmetric traits at the craniovertebral border. 
Thus, the Barnes hypothesis is rejected for this population. 
 
6.6 Odds Ratio as a Test for Intertrait Correlation 
Based on the results of this analysis, the odds ratio proved to be an important 
statistical test for intertrait correlation. Every significant phi correlation 
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corresponded to a significant odds ratio (greater than or equal to 2) in the male 
population, and all but one significant phi correlation in the female population 
corresponded to a significant odds ratio (though the one outlier does lean 
towards significance with an odds ratio of 1.72 and a significant confidence 
interval). The odds ratio test also identified a number of possible additional 
correlations not identified when using the phi coefficient alone. In addition to the 
point estimate of the odds ratio, the calculation also provides a 95% confidence 
interval to aid in determining how accurate the point estimate is.  
 
The phi coefficient works to test intertrait correlation, and is ideal when the p-
value associated with the phi coefficient is low and unambiguous. However, in 
cases where the p-value is slightly higher and the phi coefficient is difficult to 
interpret, the odds ratio provides important supplementary information that can 
aid in making a determination regarding intertrait correlation levels. The odds 
ratio can provide important information about the degree of correlation, for 
example, how many times more likely it is for one trait to occur if another is 
present.   
 
The odds ratio does, however, have its limitations. In cases of small sample sizes 
(as many archaeological analyses involve), the odds ratio is less effective, and 
the confidence interval becomes wider and wider. The ideal 95% confidence 
interval is narrow and unambiguous, but with a small sample size, the confidence 
interval can have a range in the hundreds. This range can make interpretation 
difficult – if, for example, the range of the 95% confidence interval is 0.89 – 
276.45, then at first glance, because the odds ratio includes the number one, the 
statistic would not appear to be significant. This lack of significance is not 
necessarily the case if the corresponding odds ratio point estimate is extremely 
high (can be in the tens or higher). In addition, because the odds ratio is 
designed for a case/control study, it is difficult to determine which nonmetric trait 
to use. In this regard, it is important to carefully interpret the results of an odds 
ratio test and fully understand the meaning of the resulting statistics.  
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While the odds ratio should not be used as a substitute for the phi coefficient in 
nonmetric trait analyses, it does provide helpful supplemental information relating 
to intertrait correlations. The odds ratio provides information about the risk of a 
correlation taking place, and therefore provides helpful information about the 
possible degree of correlation for trait pairs not found to be significant using the 
phi coefficient. In order to obtain the most complete picture of intertrait correlation 
in a population, the phi coefficient and odds ratio should be used together.  
 
6.7 Conclusions 
Pioneering research in all scientific disciplines invariably incorporates 
assumptions that require intensive testing to validate their respective discipline 
applications. Nonmetric skeletal trait research had such a beginning with the 
1967 publication of Berry and Berry’s seminal article in the prestigious Journal of 
Anatomy entitled “Epigenetic Variation in the Human Cranium”. This article 
focused on the genetic meaning of these traits over traditional morphometric 
traits including the very important assumption that these traits are independent of 
each other. This assumption implied that large numbers of nonmetric traits could 
be used to effectively increase the sampling of the human genome, thereby 
providing a validated way to compute past population genetics. Unfortunately, 
many researchers assumed that this hypothesis had been adequately tested and 
most studies did not include intertrait correlation analysis in their research 
designs. I posit that this lack of intertrait correlation study is one of the major 
reasons that the nonmetric trait model has had inconsistent applications in 
paleogenetic research. This thesis has shown that using a large sample size and 
proper statistics, including a novel odds ratio approach with the phi coefficient, 
that the null hypothesis is rejected and that all distance studies using nonmetric 
traits should include rigorous testing to eliminate those traits that show 
biologically meaningful correlations. Only then can nonmetric traits attain their 
proper place in paleo-population genetics.  
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Appendix A 
Trait Photographs (Courtesy of JE Molto) 
 
Hypostotic Traits 
 
 
Figure A.1 Metopic Suture (Mt) 
 
 
 
 Figure A.2 Os Japonicum (Oj) 
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Figure A.3 Foramen Spinosum Open (Os) 
 
 
 
Figure A.4 Infraorbital Suture (Is) 
 
 
I-3 Confluence of Ovale-Spinosum (arrow) 
T h i s i s a v e r y 
narrow confluence 
Normally the foramen ovale and foramen spinosum are seperated by a distinct bar of bone. 
However, failure of ossification can result these two foramina being confluent. The confluence can 
be a small fissure-like connection or both foramina can be patent giving the impression of a single 
canal. Any open connection between these foramina is considered present (9) 
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Figure A.5 Tympanic Dehiscence (Td) 
 
 
 
Figure A.6 Mendosal Suture (Ms) 
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Figure A.7 Occipital Suture (Oc) 
 
Hyperostotic Traits 
 
 
Figure A.8 Pterygospinous Spur (Ps): open arrows, from Peker et al. (2002) 
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Figure A.9 Pterygobasal Spur (Pb) 
 
 
 
Figure A.10 Clino-Clinoid and Carotico-Clinoid Bridge (Cl and Ca) 
 
 
Pterygo-alar (basal) ossification 
2 - large spur 9 Bilateral bridges 
Ossification of the pterygobasal (alar) ligament results in a bony bridge which connects
the inferior lateral surface of the greater wing of sphenoid to the root of the lateral
pterygoid plate.  According to chouké (1946) most of the motor branches of the
mandibular division of the trigeminal nerve and some veins from the pterygoid plexus
pass through this foramen.  Although total ossification of the ligament is rare, partial
ossification is quite common and is usually represented by a distinct spur situated near
the anterolateral margin of the foramen spinosum and projects anteromedially.  The
direction of the spur is used to distinguish it from the spinobasal spur.  Both complete and
incomplete expressions were scored precisely as only one error (partial state) was
produced.
Carotico-clinoid Ossifciation 
Bilateral presence (arrows) 
Ossification of the ligaments joining ipsilateral 
clinoid processes results in the formation of 
complete or incomplete bridges in this region. 
Most commonly ossified are the ligaments joining 
the anterior and posterior clinoid processes and the 
anterior and middle clinoid processes, referred to 
as clino clinoid (CC) and caroticoclinoid (CA) 
bridging respectively.  The latter accommodates 
the internal carotid artery (De Villiers 1968). 
Following Ossenberg (1969a) complete bridge and 
contact spurs are coded present.  Non contact 
spurs for both traits were scored so unreliably that 
when pooled with their complete expressions 
resulted in unacceptable levels of recording error, 
as presently defined.  They are therefore counted 
absent.  The sella turcica region was observed 
by inserting an endocranial scope into the foramen 
magnum.   
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Figure A.11 Trochlear Spur (Ts) 
 
 
 
 
 
Figure A.12 Divided Hypoglossal Canal (Dh) 
 
 
Divided Hypoglossal Canal 
9 
The hypoglossal canal is a constant feature of the lateral 
portion of the occipital bone at the base of the occipital 
condyles.  According to Korey (1970) it transmits the 
hypoglossal nerve and occasionally a posterior 
meningeal branch of the ascending pharyngeal artery and 
the hypoglossal vein connecting the transverse sinus with 
the vertebral and deep cervical veins.  The canal can be 
separated by one or more complete, or incomplete, bony 
septa that occur at the interior and exterior orifices and/
or in the middle of the canal (Ossenberg 1969a).  Also, 
but rarely, the canal may be bipartitioned from one 
orifice to the other.  Both the complete and incomplete 
expressions were scored with high precision.  It is 
worthwhile to point out that the scoring errors for the 
complete expressions were made on bony septa that 
developed at the antero-medial margin of the interior 
orifice which left a tiny foramen almost entirely hidden 
from view.   
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Figure A.13 Precondylar Tubercle (Pt) 
 
 
 
Figure A.14 Mylohyoid Bridge (Mh) 
 
 
Mylohyoid Groove Ossification 
9 - Complete 
      bridge  
  
The spheno-mandibular ligament inserts on the medial side of he mandibular ramus over the 
mylo-hyoid groove. Ossification of this ligament often occurs resulting in a bony bridge of 
variable size and location. In some instances the whole mylo-hyoid groove can be covered by 
bone. The mylohyoid canal formed by the bridge amy open superiorly at the level of the 
mandibular foramen. Partial ossification also can be present but is more difficult to score. The 
mylo-hyoid bridge is not usually age stable until adulthood.  
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Figure A.15 Ossified Apical Ligament (Oa) from Barnes (1994) 
 
 
  Figure A.16 Divided Jugular Canal (Dj) 
Divided Jugular Canal 
Note also tympanic dehiscence 
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Figure A.17 Intermediate Condylar Canal (Ic) 
 
 
Figure A.18 Supraorbital Foramen (Sf) 
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Figure A.19 Marginal Foramen (Mf) (white pointer inserted into foramen), from 
Ossenberg (1974) 
 
Ossicle Traits 
 
 
Figure A.20 Coronal Ossicle (Co) 
 
ORIGINS AND RELATIONSHIPS OF WOODLAND PEOPLES I 23 
Plate 1. Os Japonicum trace . 
Plate 2. Tympanic plate dehiscence (arrow) and marginal foramen 
(into which a white pointer has been inserted) . 
Plate 3. Clinoid bridging. Superior (intracranial) aspect of a disarticu-
lated sphenoid bone showing on the right the normal appearance of 
the anterior (A) , middle (M) , and posterior (P) clinoid processes. On 
the left the anterior and middle (AM) are joined by a bony bar. Other 
clinoid region anomalies not shown here include AP and AMP bridg-
ing. 
Plate 4. Pterygospinous bridge. A bony bridge stretching between 
the lateral pterygoid plate and the sphenoid spine and situated in-
feromedial to the foramen ovale. 
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Figure A.21 Bregmatic Ossicle (Bo) 
 
 
Figure A.22 Sagittal Ossicle (So) 
This accessory ossicle at bregma is unusually large 
and likely represents a separate ossification of the 
anterior fontanelle.  
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Figure A.23 Lambdic Ossicle (Lb) 
 
 
Figure A.24 Lambdoidal Ossicle (Lo) 
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Figure A.25 Asterionic Ossicle (Ao) 
 
 
 
 
 
 
Figure A.26 Occipito-mastoid Ossicle (Om) from Wood-Jones (1931b) 
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Figure A.27 Parietal Notch Ossicle (Pn) labeled as PNB, from Hanihara and 
Ishida (2001a) 
 
 
Figure A.28 Squamosal Ossicle (Sq) 
 
Fig. 1. The location of the 4 supernumerary ossicles. OL, ossicle at the lambda; PNB, parietal notch bone; ASB, asterionic bone; OMB,
occipitomastoid bone.
geographical background considering the linguistic
and ethnological similarities. With the exception of
descriptive statistics, all analyses were applied to the
large geographical groups (2nd classification). Phi
coe cients, Yule’s coe cients of association (4 fold
point correlation coe cients), and Fisher ’s exact
probability test were performed to evaluate right and
left side di erences and intertrait association. Sex
di erence was tested by Fisher ’s exact probability
test.
results
Within population variations
The right and left side coe cients of occurrence of the
bilateral traits for the global samples of recent humans
are given in Appendix 1. With the exception of the
occurrence of the occipitomastoid bone in the West
Asian sample, Fisher’s exact probability test for all
the groups shows that the expression of all the traits
does not di er significantly between right and left
sides or show any side preference in the case of
unilateral expression.
Based on the findings of a tendency for the
symmetric occurrence of the 3 bilateral ossicles
together with the procedures for compiling frequencies
of bilateral discrete traits (Green et al. 1979; Korey,
1980), the tests for intercorrelation between traits and
sex di erence were performed for incidence per
cranium (individual). The results of 2 correlation
analyses, Phi correlations and Yule’s correlations of
association, and Fisher’s exact probability test be-
tween every pair of the traits are summarized in
Appendix 2. The average correlation level is not so
high, but is significantly greater than zero for some
pairs of traits.
Based on the study by Berry & Berry (1967), lack of
sex di erence in discrete trait frequencies is one of the
claims underlying their use. As shown in Appendix 3,
no sex di erence for the ossicle at lambda was
detected except for the Australian sample showing
higher incidence in females. In a few samples,
tendencies for sex di erences were observed for the
presence of the asterionic bone and the parietal notch
bone. On the other hand, no statistically significant
sex di erences were found for the occurrence of the
occipitomastoid bone. The ossicle at the occipito-
mastoid suture showed similar di erences in incidence
between the 2 sexes to those of the asterionic bone.
Between population variations
Although significantly higher incidences of the par-
ietal notch bone and the asterionic bone were found in
males in several population samples, the sex-combined
frequency distributions of each trait for all the samples
are calculated. This is based on a roughly consistent
male}female ratio (2:1–3:1) in the majority of the
samples with a significant sex di erence except for the
European samples. Appendix 4 gives the incidences of
the 4 traits plus the ossicle at the occipitomastoid
suture for the samples with the 1st classification.
Visual expressions of the incidences of the ossicle at
Accessory ossicles in major human populations 691
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Figure A.29 Pterionic Ossicle (Po) 
 
Foramina and Canal Related Traits 
 
 
Figure A.30 Frontal Grooves (Fg) 
Skull A has a large accessory ossicle on the anterior portion of the right 
squasmosal suture (see large arrow). This ossicle also touches pterion although 
quite clearly the accessory centre of ossification arose along the squasmosal 
suture. Skull B shows a distinct pterionic ossicle (arrow) for comparison.  
A 
Frontal grooves 
9 
These grooves are located on the squamous portion of 
the frontal bone between the temporal crest and the 
median frontal boss.  They vary considerably and can 
be linear or curved, shallow or deep, double or triple, 
branched or simple (LeDouble 1903).  Dixon (1904) 
suggests that they develop due to insufficient growth 
of the supraorbital nerves (and/or vessels) in relation to 
the expansion of the frontal bone.  Any groove 
regardless of expressivity found running in a sagittal 
plane between the temporal crest and the frontal 
eminence is scored present although deep grooves 
are designated 9 while shallow expressions are 
scored as 1.  A strong light source proved useful for 
detecting the latter.  All errors were made observing 
faint single linear grooves.   
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Figure A.31 Parietal Foramen (Pf) from Currarino (1976) 
 
 
 
Figure A.32 Absent Posterior Condylar Canal (Pc) 
 
Fig. 2.-Frontal (A) and lateral (B) roentgenograms of skull of newborn
infant with linear defect in posterosuperior aspect of each parietal bone pre-
sumably caused by parietal fissure or incisura (arrows)
488 CURRARINO
Fig. 1.-Photographs of two adult skulls with small parietal foramina.
Metopic suture at level of foramina is of a more simple type than in front or
more posteriorly. Fig. 3.-Small parietal fontanelle in newborn infant (arrows). A. lateral
projection during life. B. Postmortem photograph of vertex of head with
scalp and pericranium removed. Considerable amount of blood oozed
from lateral aspects of posterior fontanelle at time of dissection. C. Post-
mortem roentgenogram of cranial vault.
Fig. 4.-A, Lateral skull roentgenogram of 2-week-old infant with large
parietal fontanelle (arrows). B, Frontal view of same patient 9 years later
showing only small parietal foramina (arrows).
Posterior Condylar Canal Absent 
Immediately posterior to each occipital condyle lies a 
condylar fossa which is commonly pierced by the 
posterior condylar canal.  This canal, when present, 
transmits an emissary vein connecting the lower end of 
the sigmoid sinus with the suboccipital and vertebral 
plexuses.  Occasionally it is absent, and the relative 
frequency of this state is recorded in this study.  Of note is 
the fact that the canal may appear present even if it ends 
blindly in the bone.  Following Korey (1970), patentcy of 
problematic variates was confirmed by passing a fine 
metal probe into the canal.  If a canal is visibly present but 
not patent it is considered absent.  This trait was more 
precisely scored than expected.   
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Figure A.33 Anomalous Temporal Artery (At) 
 
 
Figure A.34 Absent Zygomatico-Facial Foramen (Zf) (arrow points to present 
foramen) 
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Figure A.35 Accessory Optic Foramen (Ao) 
 
Other Trait Types 
 
 
Figure A.36 Fronto-Temporal Articulation (Ft) 
 
 
Frontal-Temporal Articulation 
Usually the greater wing of sphenoid separates the frontal and temporal bones. However, 
occassionally the squasmosal part of temporal and the frontal bone articulate in the pterionic 
region. Sjovold (1977) notes that this variant has a high heritability (.99).   
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Figure A.37 Notochord Remnant (Nr) 
 
 
 
Figure A.38 Pharyngeal Fossa (Pf) 
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Appendix B 
Phi Coefficient Results 
 
Male%Phi Male%P)Value Female%Phi Female%P)Value Combined%Phi Combined%P)Value
Mt/Oj 0.031 0.670 0.029 0.665 0.033 0.503
Mt/Os 0.040 0.575 0.077 0.241 0.061 0.208
Mt/Is 0.149 0.040 0.158 0.018 0.156 0.001
Mt/Td )0.051 0.481 0.056 0.386 0.016 0.735
Mt/Ms 0.050 0.492 0.074 0.255 0.065 0.178
Mt/Mf )0.030 0.676 )0.099 0.125 )0.070 0.145
Mt/Ps 0.046 0.525 )0.003 0.964 0.018 0.710
Mt/Pb 0.020 0.779 0.057 0.382 0.034 0.477
Mt/Cl )0.102 0.166 0.080 0.227 )0.001 0.976
Mt/Ca )0.084 0.253 )0.052 0.431 )0.070 0.158
Mt/Ts 0.067 0.350 )0.048 0.463 0.001 0.991
Mt/Dh )0.066 0.359 0.138 0.036 0.049 0.317
Mt/Pt )0.017 0.816 )0.077 0.241 )0.049 0.311
Mt/Dj )0.083 0.248 )0.053 0.421 )0.069 0.156
Mt/Mh )0.056 0.527 0.033 0.649 )0.008 0.885
Mt/Oa 0.078 0.284 )0.011 0.865 0.029 0.552
Mt/Ic )0.094 0.201 )0.066 0.319 )0.081 0.102
Mt/Sf )0.065 0.368 0.032 0.620 )0.009 0.856
Mt/Fg 0.061 0.403 0.027 0.673 0.043 0.377
Mt/Pf 0.052 0.470 )0.021 0.742 0.010 0.838
Mt/Pc 0.005 0.941 )0.013 0.845 )0.005 0.912
Mt/At )0.086 0.236 )0.090 0.167 )0.088 0.068
Mt/Zf 0.077 0.289 0.122 0.065 0.106 0.031
Mt/Ao 0.141 0.050 0.016 0.804 0.072 0.141
Mt/Ft 0.001 0.986 0.128 0.047 0.068 0.158
Mt/Oc 0.060 0.404 0.091 0.165 0.077 0.114
Mt/Ph )0.021 0.773 0.003 0.965 )0.007 0.884
Mt/Nr )0.070 0.333 )0.075 0.259 )0.074 0.130
Mt/Co 0.055 0.447 )0.043 0.516 0.006 0.904
Mt/Bo )0.034 0.638 n/a n/a )0.024 0.616
Mt/So 0.120 0.102 0.092 0.163 0.104 0.034
Mt/Lb 0.052 0.481 0.186 0.005 0.113 0.020
Mt/Lo 0.174 0.016 0.051 0.434 0.105 0.032
Mt/As 0.130 0.074 0.002 0.982 0.059 0.226
Mt/Om 0.142 0.050 0.043 0.519 0.083 0.089
Mt/Pn 0.240 0.001 0.051 0.436 0.127 0.009
Mt/Sq 0.140 0.053 0.015 0.822 0.060 0.215
Mt/Po 0.116 0.107 )0.008 0.901 0.040 0.408
Oj/Os )0.037 0.616 )0.143 0.033 )0.103 0.038
Oj/Is 0.112 0.126 0.115 0.090 0.142 0.004
Oj/Td 0.031 0.671 )0.148 0.026 )0.073 0.138
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Oj/Ms 0.063 0.393 0.060 0.366 0.067 0.174
Oj/Mf 0.051 0.490 0.051 0.447 0.063 0.201
Oj/Ps )0.087 0.237 0.049 0.463 )0.028 0.572
Oj/Pb )0.064 0.384 0.112 0.091 0.021 0.666
Oj/Cl )0.015 0.843 )0.002 0.975 )0.011 0.820
Oj/Ca 0.009 0.909 0.090 0.182 0.037 0.464
Oj/Ts 0.031 0.674 )0.096 0.147 )0.051 0.299
Oh/Dh 0.073 0.319 0.017 0.798 0.042 0.392
Oj/Pt 0.083 0.264 0.057 0.390 0.052 0.291
Oj/Dj )0.121 0.101 0.067 0.314 )0.009 0.853
Oj/Mh )0.024 0.785 0.055 0.460 0.008 0.892
Oj/Oa )0.064 0.391 )0.073 0.269 )0.082 0.098
Oj/Ic )0.069 0.355 )0.016 0.816 )0.044 0.379
Oj/Sf 0.054 0.460 )0.032 0.634 )0.002 0.963
Oj/Fg 0.095 0.197 0.004 0.954 0.036 0.466
Oj/Pf )0.012 0.870 0.036 0.584 0.021 0.667
Oj/Pc 0.044 0.552 0.148 0.027 0.108 0.030
Oj/At 0.063 0.396 )0.038 0.572 )0.007 0.890
Oj/Zf 0.026 0.727 )0.015 0.825 0.009 0.858
Oj/Ao )0.033 0.654 0.084 0.211 0.048 0.327
Oj/Ft )0.045 0.542 )0.010 0.879 )0.024 0.625
Oj/Oc 0.204 0.005 )0.097 0.150 )0.001 0.985
Oj/Ph 0.116 0.115 )0.040 0.550 0.011 0.819
Oj/Nr )0.094 0.201 0.048 0.472 )0.023 0.642
Oj/Co 0.141 0.056 0.190 0.005 0.145 0.004
Oj/Bo )0.021 0.777 n/a n/a )0.022 0.657
Oj/So 0.108 0.149 0.024 0.724 0.052 0.296
Oj/Lb 0.072 0.337 )0.061 0.361 )0.029 0.565
Oj/Lo 0.041 0.582 0.053 0.435 0.049 0.326
Oj/As 0.003 0.966 0.200 0.003 0.120 0.016
Oj/Om )0.048 0.515 )0.023 0.732 )0.020 0.693
Oj/Pn 0.034 0.647 )0.035 0.605 )0.005 0.927
Oj/Sq )0.037 0.618 0.056 0.400 0.045 0.370
Oj/Po 0.120 0.104 0.103 0.123 0.131 0.008
Os/Is 0.084 0.245 0.105 0.123 0.092 0.063
Os/Td )0.007 0.923 )0.011 0.863 )0.009 0.853
Os/Ms 0.055 0.445 0.004 0.952 0.026 0.598
Os/Mf 0.010 0.885 )0.016 0.806 )0.005 0.920
Os/Ps )0.112 0.119 )0.079 0.233 )0.096 0.049
Os/Pb )0.048 0.500 )0.030 0.647 )0.040 0.413
Os/Cl )0.020 0.792 0.005 0.939 )0.006 0.905
Os/Ca 0.035 0.634 )0.034 0.608 0.002 0.975
Os/Ts )0.097 0.177 0.064 0.333 )0.007 0.886
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Os/Dh )0.027 0.704 )0.133 0.046 )0.084 0.088
Os/Pt )0.030 0.684 )0.030 0.654 )0.030 0.547
Os/Dj )0.066 0.361 )0.082 0.219 )0.075 0.127
Os/Mh )0.017 0.848 0.049 0.511 0.019 0.741
Os/Oa 0.110 0.134 )0.009 0.897 0.055 0.263
Os/Ic )0.106 0.146 )0.088 0.192 )0.097 0.051
Os/Sf 0.006 0.938 0.034 0.608 0.021 0.664
Os/Fg )0.048 0.505 0.130 0.049 0.050 0.300
Os/Pf 0.105 0.148 )0.019 0.774 0.038 0.443
Os/Pc 0.025 0.728 0.010 0.883 0.017 0.729
Os/At )0.011 0.881 0.081 0.217 0.038 0.431
Os/Zf )0.062 0.395 )0.018 0.784 )0.037 0.454
Os/Ao )0.005 0.949 )0.030 0.657 )0.018 0.711
Os/Ft )0.149 0.039 0.037 0.577 )0.057 0.242
Os/Oc )0.051 0.480 0.111 0.098 0.033 0.501
Os/Ph 0.075 0.299 0.155 0.021 0.119 0.016
Os/Nr )0.013 0.862 )0.041 0.544 )0.026 0.601
Os/Co )0.104 0.152 )0.047 0.488 )0.078 0.117
Os/Bo )0.004 0.958 n/a n/a )0.003 0.948
Os/So 0.019 0.799 )0.053 0.430 )0.023 0.640
Os/Lb )0.095 0.196 )0.028 0.671 )0.062 0.210
Os/Lo 0.123 0.090 0.064 0.337 0.091 0.064
Os/As )0.028 0.701 0.032 0.638 0.003 0.949
Os/Om 0.152 0.037 0.002 0.971 0.065 0.190
Os/Pn 0.077 0.287 0.043 0.515 0.058 0.236
Os/Sq 0.055 0.452 0.075 0.260 0.067 0.172
Os/Po 0.124 0.086 0.002 0.974 0.048 0.321
Is/Td 0.082 0.261 )0.027 0.686 0.049 0.317
Is/Ms 0.123 0.089 0.129 0.055 0.136 0.006
Is/Mf )0.020 0.779 )0.154 0.022 )0.074 0.133
Is/Ps 0.015 0.834 )0.086 0.201 )0.060 0.226
Is/Pb 0.077 0.287 0.066 0.328 0.025 0.616
Is/Cl 0.022 0.766 0.022 0.748 0.017 0.734
Is/Ca )0.067 0.371 )0.018 0.795 )0.072 0.149
Is/Ts )0.030 0.681 )0.026 0.698 )0.019 0.693
Is/Dh 0.039 0.589 )0.122 0.070 )0.028 0.577
Is/Pt 0.038 0.601 0.143 0.033 0.072 0.147
Is/Dj )0.157 0.031 0.143 0.034 )0.031 0.531
Is/Mh )0.258 0.003 )0.068 0.366 )0.180 0.002
Is/Oa )0.040 0.586 0.094 0.161 )0.014 0.775
Is/Ic 0.027 0.718 )0.093 0.174 )0.049 0.322
Is/Sf 0.059 0.416 )0.023 0.736 0.021 0.664
Is/Fg )0.034 0.645 0.014 0.832 0.001 0.983
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Is/Pf )0.063 0.384 0.018 0.786 )0.021 0.673
Is/Pc )0.102 0.164 0.110 0.104 0.005 0.916
Is/At )0.143 0.049 )0.046 0.490 )0.096 0.052
Is/Zf 0.079 0.276 0.006 0.932 0.056 0.258
Is/Ao 0.025 0.731 0.017 0.799 0.021 0.676
Is/Ft 0.031 0.668 )0.101 0.133 )0.040 0.421
Is/Oc 0.076 0.293 0.090 0.187 0.079 0.109
Is/Ph 0.016 0.821 )0.003 0.965 0.008 0.876
Is/Nr 0.010 0.887 0.108 0.113 0.023 0.641
Is/Co 0.053 0.469 )0.003 0.967 0.017 0.736
Is/Bo )0.092 0.208 n/a n/a )0.081 0.106
Is/So )0.006 0.939 0.036 0.605 0.028 0.585
Is/Lb 0.361 0.000 0.139 0.040 0.222 0.000
Is/Lo 0.133 0.070 0.186 0.007 0.160 0.001
Is/As )0.029 0.695 0.050 0.464 0.000 0.998
Is/Om 0.103 0.161 0.040 0.552 0.077 0.119
Is/Pn 0.151 0.038 )0.005 0.939 0.076 0.126
Is/Sq 0.084 0.247 0.063 0.352 0.085 0.085
Is/Po 0.080 0.271 0.062 0.360 0.105 0.033
Td/Ms )0.096 0.185 )0.033 0.618 )0.052 0.285
Td/Mf )0.107 0.135 )0.046 0.483 )0.058 0.226
Td/Ps 0.002 0.978 )0.033 0.612 )0.031 0.525
Td/Pb 0.131 0.070 )0.068 0.294 0.000 0.992
Td/Cl )0.135 0.070 0.020 0.764 )0.049 0.324
Td/Ca )0.122 0.101 0.110 0.100 )0.013 0.790
Td/Ts 0.069 0.338 0.063 0.328 0.066 0.168
Td/Dh )0.032 0.655 0.086 0.191 0.042 0.385
Td/Pt 0.056 0.442 )0.017 0.797 0.010 0.839
Td/Dj )0.018 0.801 )0.044 0.504 )0.042 0.386
Td/Mh 0.042 0.630 )0.143 0.052 )0.072 0.204
Td/Oa 0.078 0.290 0.027 0.678 0.036 0.468
Td/Ic )0.080 0.276 )0.005 0.945 )0.045 0.366
Td/Sf )0.111 0.126 )0.065 0.322 )0.083 0.089
Td/Fg )0.033 0.651 0.036 0.579 0.013 0.792
Td/Pf 0.047 0.514 )0.016 0.806 0.009 0.846
Td/Pc 0.024 0.743 0.054 0.415 0.038 0.438
Td/At 0.066 0.360 )0.054 0.402 )0.004 0.927
Td/Zf 0.088 0.229 0.224 0.001 0.175 0.000
Td/Ao 0.119 0.101 0.034 0.606 0.069 0.156
Td/Ft 0.042 0.560 )0.002 0.971 0.013 0.785
Td/Oc 0.120 0.096 0.107 0.106 0.110 0.024
Td/Ph 0.021 0.773 )0.079 0.234 )0.034 0.483
Td/Nr 0.011 0.876 0.033 0.623 0.005 0.913
 145 
 
Td/Co 0.147 0.043 )0.082 0.219 0.028 0.563
Td/Bo 0.068 0.349 n/a n/a 0.033 0.499
Td/So )0.039 0.593 )0.042 0.522 )0.037 0.458
Td/Lb )0.025 0.736 0.050 0.448 )0.001 0.988
Td/Lo )0.034 0.637 )0.002 0.972 )0.014 0.767
Td/As 0.049 0.502 )0.016 0.805 0.008 0.870
Td/Om )0.028 0.703 0.019 0.778 0.006 0.895
Td/Pn )0.056 0.445 )0.021 0.747 )0.027 0.573
Td/Sq )0.098 0.177 0.010 0.873 )0.019 0.698
Td/Po )0.021 0.776 )0.018 0.786 0.002 0.973
Ms/Mf 0.076 0.292 )0.023 0.729 0.017 0.728
Ms/Ps )0.006 0.932 0.142 0.030 0.059 0.225
Ms/Pb 0.051 0.483 0.095 0.144 0.068 0.161
Ms/Cl 0.074 0.320 0.256 0.000 0.178 0.000
Ms/Ca 0.054 0.466 )0.019 0.779 0.005 0.914
Ms/Ts )0.020 0.778 0.031 0.633 0.011 0.820
Ms/Dh 0.093 0.200 0.025 0.709 0.056 0.252
Ms/Pt 0.015 0.837 0.081 0.220 0.046 0.342
Ms/Dj )0.118 0.103 0.026 0.696 )0.041 0.400
Ms/Mh )0.066 0.453 0.087 0.240 0.014 0.805
Ms/Oa )0.009 0.899 0.080 0.222 0.027 0.578
Ms/Ic 0.112 0.128 )0.088 0.188 )0.008 0.879
Ms/Sf 0.047 0.520 0.016 0.811 0.029 0.554
Ms/Fg )0.019 0.796 0.033 0.614 0.013 0.787
Ms/Pf 0.004 0.958 )0.081 0.218 )0.046 0.349
Ms/Pc )0.046 0.532 0.082 0.214 0.027 0.577
Ms/At )0.071 0.331 )0.077 0.243 )0.074 0.127
Ms/Zf 0.116 0.112 )0.101 0.127 )0.012 0.801
Ms/Ao 0.071 0.330 0.031 0.637 0.048 0.329
Ms/Ft )0.064 0.380 )0.063 0.336 )0.064 0.188
Ms/Oc )0.066 0.357 0.053 0.424 0.002 0.962
Ms/Ph )0.037 0.609 0.052 0.438 0.015 0.760
Ms/Nr 0.029 0.686 0.049 0.460 0.032 0.511
Ms/Co )0.045 0.538 )0.036 0.585 )0.041 0.400
Ms/Bo )0.028 0.700 n/a n/a )0.020 0.677
Ms/So 0.056 0.447 )0.005 0.941 0.020 0.690
Ms/Lb 0.056 0.447 0.019 0.771 0.031 0.524
Ms/Lo 0.037 0.611 0.089 0.181 0.067 0.171
Ms/As )0.044 0.542 )0.067 0.312 )0.058 0.237
Ms/Om )0.068 0.353 0.014 0.836 )0.015 0.757
Ms/Pn )0.017 0.816 0.134 0.042 0.079 0.104
Ms/Sq )0.049 0.499 0.039 0.559 0.012 0.808
Ms/Po 0.043 0.549 0.181 0.006 0.138 0.005
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Mf/Ps )0.022 0.764 0.087 0.185 0.023 0.630
Mf/Pb )0.024 0.743 0.047 0.472 0.005 0.919
Mf/Cl )0.017 0.818 0.040 0.549 0.014 0.779
Mf/Ca 0.011 0.885 )0.095 0.156 )0.057 0.251
Mf/Ts )0.034 0.633 )0.048 0.458 )0.042 0.387
Mf/Dh 0.085 0.239 )0.125 0.058 )0.035 0.472
Mf/Pt 0.003 0.968 0.112 0.089 0.057 0.244
Mf/Dj )0.002 0.980 0.070 0.281 0.033 0.498
Mf/Mh 0.048 0.589 )0.040 0.593 )0.010 0.859
Mf/Oa 0.173 0.018 )0.017 0.799 0.062 0.203
Mf/Ic 0.002 0.976 0.000 0.997 )0.004 0.942
Mf/Sf 0.147 0.042 )0.013 0.840 0.051 0.292
Mf/Fg 0.039 0.590 0.024 0.710 0.033 0.494
Mf/Pf 0.034 0.642 )0.042 0.516 )0.012 0.801
Mf/Pc )0.080 0.276 0.038 0.569 )0.056 0.253
Mf/At 0.005 0.949 )0.090 0.167 )0.051 0.288
Mf/Zf )0.116 0.110 )0.013 0.850 )0.047 0.336
Mf/Ao 0.059 0.412 )0.067 0.315 )0.015 0.758
Mf/Ft 0.194 0.007 )0.004 0.947 0.079 0.102
Mf/Oc )0.074 0.301 )0.092 0.165 )0.085 0.082
Mf/Ph 0.113 0.117 )0.014 0.839 0.039 0.429
Mf/Nr 0.109 0.129 )0.034 0.612 0.025 0.612
Mf/Co )0.048 0.508 0.077 0.248 0.011 0.816
Mf/Bo )0.030 0.679 n/a n/a )0.023 0.632
Mf/So 0.051 0.490 0.031 0.634 0.041 0.404
Mf/Lb 0.091 0.213 )0.014 0.829 0.027 0.587
Mf/Lo )0.202 0.006 0.064 0.328 )0.042 0.388
Mf/As 0.059 0.414 )0.008 0.902 0.018 0.711
Mf/Om 0.011 0.884 0.087 0.188 0.061 0.209
Mf/Pn )0.033 0.654 0.002 0.976 )0.007 0.893
Mf/Sq )0.053 0.466 0.172 0.008 0.103 0.033
Mf/Po )0.036 0.620 )0.016 0.805 )0.010 0.831
Ps/Pb 0.007 0.919 0.032 0.628 0.039 0.416
Ps/Cl )0.078 0.295 0.050 0.712 )0.027 0.589
Ps/Ca 0.064 0.386 0.064 0.338 0.081 0.101
Ps/Ts 0.098 0.172 0.006 0.924 0.050 0.300
Ps/Dh 0.022 0.762 0.096 0.145 0.046 0.344
Ps/Pt )0.065 0.376 )0.058 0.378 )0.052 0.283
Ps/Dj 0.083 0.250 )0.019 0.774 0.049 0.317
Ps/Mh 0.278 0.002 0.195 0.008 0.256 0.000
Ps/Oa 0.040 0.588 )0.058 0.377 0.022 0.660
Ps/Ic 0.060 0.411 0.023 0.731 0.052 0.293
Ps/Sf )0.010 0.892 )0.006 0.931 )0.008 0.867
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Ps/Fg )0.072 0.321 0.121 0.064 0.012 0.808
Ps/Pf )0.024 0.740 )0.059 0.368 )0.039 0.426
Ps/Pc )0.125 0.087 )0.035 0.595 )0.078 0.110
Ps/At )0.055 0.447 )0.068 0.300 )0.057 0.237
Ps/Zf )0.035 0.631 0.051 0.441 )0.003 0.946
Ps/Ao 0.003 0.967 0.150 0.023 0.068 0.166
Ps/Ft 0.025 0.728 )0.058 0.377 )0.006 0.894
Ps/Oc )0.054 0.455 )0.069 0.293 )0.058 0.232
Ps/Ph )0.003 0.969 0.041 0.539 0.015 0.767
Ps/Nr 0.042 0.562 0.078 0.239 0.073 0.137
Ps/Co 0.016 0.821 )0.032 0.629 0.005 0.916
Ps/Bo )0.045 0.531 n/a n/a )0.025 0.614
Ps/So 0.066 0.366 )0.066 0.325 )0.005 0.922
Ps/Lb )0.026 0.720 0.041 0.530 0.017 0.731
Ps/Lo )0.050 0.488 )0.006 0.933 )0.030 0.546
Ps/As 0.081 0.265 0.003 0.961 0.049 0.315
Ps/Om 0.012 0.870 )0.025 0.708 )0.013 0.791
Ps/Pn )0.005 0.948 )0.022 0.736 )0.021 0.672
Ps/Sq 0.002 0.981 0.055 0.400 0.019 0.691
Ps/Po )0.056 0.435 0.032 0.630 )0.029 0.545
Pb/Cl 0.029 0.693 0.103 0.122 0.071 0.153
Pb/Ca )0.007 0.928 )0.039 0.555 )0.002 0.971
Pb/Ts 0.022 0.758 )0.045 0.494 )0.017 0.730
Pb/Dh 0.053 0.467 )0.034 0.608 )0.001 0.980
Pb/Pt )0.076 0.296 0.052 0.428 )0.006 0.904
Pb/Dj 0.023 0.749 0.086 0.189 0.067 0.169
Pb/Mh 0.055 0.532 0.090 0.222 0.096 0.089
Pb/Oa 0.058 0.428 )0.040 0.540 0.034 0.492
Pb/Ic 0.081 0.270 )0.111 0.094 )0.007 0.884
Pb/Sf 0.026 0.715 )0.037 0.567 )0.008 0.865
Pb/Fg 0.094 0.195 0.065 0.320 0.070 0.146
Pb/Pf 0.073 0.314 0.077 0.242 0.075 0.125
Pb/Pc )0.114 0.117 0.047 0.474 )0.025 0.605
Pb/At )0.054 0.453 0.010 0.873 )0.018 0.705
Pb/Zf 0.078 0.282 0.019 0.773 0.035 0.478
Pb/Ao 0.080 0.268 0.053 0.422 0.065 0.180
Pb/Ft 0.120 0.096 )0.026 0.690 0.053 0.269
Pb/Oc )0.186 0.010 )0.114 0.083 )0.146 0.003
Pb/Ph 0.055 0.448 )0.109 0.102 )0.032 0.509
Pb/Nr 0.085 0.238 0.107 0.109 0.112 0.022
Pb/Co 0.056 0.441 0.013 0.846 0.044 0.372
Pb/Bo 0.014 0.851 n/a n/a 0.021 0.663
Pb/So )0.006 0.937 0.026 0.692 0.006 0.902
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Pb/Lb 0.103 0.161 0.000 0.996 0.074 0.130
Pb/Lo )0.001 0.989 )0.112 0.091 )0.059 0.229
Pb/As 0.186 0.010 0.052 0.430 0.121 0.013
Pb/Om )0.086 0.238 0.092 0.166 0.006 0.904
Pb/Pn )0.014 0.846 0.002 0.975 )0.015 0.763
Pb/Sq 0.021 0.772 0.100 0.094 0.059 0.223
Pb/Po 0.003 0.967 0.089 0.173 0.023 0.636
Cl/Ca 0.332 0.000 0.257 0.000 0.295 0.000
Cl/Ts )0.048 0.518 0.047 0.477 0.005 0.928
Cl/Dh )0.044 0.550 0.063 0.347 0.011 0.826
Cl/Pt 0.047 0.527 )0.084 0.206 )0.013 0.798
Cl/Dj 0.025 0.734 0.006 0.928 0.017 0.731
Cl/Mh 0.026 0.776 )0.030 0.687 )0.004 0.942
Cl/Oa 0.064 0.393 )0.084 0.206 )0.001 0.987
Cl/Ic 0.002 0.980 0.045 0.501 0.027 0.589
Cl/Sf 0.165 0.026 0.016 0.812 0.083 0.093
Cl/Fg 0.025 0.736 0.041 0.537 0.033 0.502
Cl/Pf )0.041 0.584 )0.096 0.150 )0.070 0.157
Cl/Pc )0.039 0.601 0.017 0.803 )0.009 0.863
Cl/At 0.060 0.417 0.005 0.934 0.032 0.519
Cl/Zf 0.009 0.901 )0.011 0.865 )0.004 0.934
Cl/Ao 0.084 0.258 )0.074 0.271 0.000 0.994
Cl/Ft 0.023 0.758 )0.078 0.242 )0.024 0.621
Cl/Oc 0.012 0.869 )0.048 0.473 )0.020 0.690
Cl/Ph 0.040 0.593 0.078 0.246 0.060 0.230
Cl/Nr 0.007 0.920 )0.052 0.437 )0.016 0.751
Cl/Co )0.075 0.319 )0.049 0.468 )0.061 0.223
Cl/Bo )0.046 0.533 n/a n/a )0.030 0.547
Cl/So )0.077 0.310 )0.101 0.138 )0.092 0.070
Cl/Lb 0.107 0.156 0.020 0.763 0.068 0.176
Cl/Lo )0.054 0.473 0.123 0.067 0.042 0.400
Cl/As )0.001 0.990 )0.105 0.117 )0.054 0.280
Cl/Om 0.072 0.335 0.013 0.852 0.036 0.471
Cl/Pn )0.150 0.045 0.052 0.436 )0.035 0.478
Cl/Sq )0.084 0.264 0.000 1.000 )0.034 0.494
Cl/Po )0.055 0.460 0.174 0.009 0.078 0.115
Ca/Ts )0.035 0.636 )0.010 0.885 )0.025 0.618
Ca/Dh 0.092 0.217 0.062 0.357 0.067 0.175
Ca/Pt )0.027 0.718 )0.029 0.663 )0.018 0.719
Ca/Dj 0.181 0.014 )0.049 0.468 0.080 0.109
Ca/Mh 0.344 0.000 )0.072 0.339 0.155 0.007
Ca/Oa 0.008 0.914 )0.090 0.176 )0.016 0.753
Ca/Ic 0.032 0.670 0.052 0.440 0.052 0.304
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Ca/Sf 0.094 0.205 0.008 0.900 0.047 0.345
Ca/Fg 0.014 0.854 )0.023 0.734 )0.011 0.824
Ca/Pf )0.050 0.504 )0.052 0.434 )0.049 0.327
Ca/Pc )0.076 0.311 0.010 0.883 )0.030 0.542
Ca/At )0.012 0.867 )0.058 0.384 )0.032 0.517
Ca/Zf )0.085 0.260 0.093 0.168 0.001 0.987
Ca/Ao 0.027 0.719 )0.009 0.892 0.009 0.851
Ca/Ft 0.071 0.338 )0.020 0.759 0.035 0.480
Ca/Oc 0.055 0.459 )0.061 0.364 )0.003 0.950
Ca/Ph 0.100 0.179 0.052 0.443 0.074 0.140
Ca/Nr )0.015 0.841 0.006 0.930 0.010 0.838
Ca/Co )0.026 0.727 0.156 0.021 0.056 0.264
Ca/Bo 0.056 0.453 n/a n/a 0.050 0.320
Ca/So )0.103 0.174 )0.056 0.409 )0.080 0.114
Ca/Lb )0.013 0.866 0.001 0.993 0.008 0.875
Ca/Lo )0.071 0.347 )0.085 0.207 )0.077 0.125
Ca/As )0.094 0.206 )0.039 0.562 )0.062 0.217
Ca/Om )0.053 0.480 )0.090 0.163 )0.079 0.112
Ca/Pn )0.080 0.283 )0.114 0.089 )0.105 0.036
Ca/Sq 0.025 0.739 )0.066 0.326 )0.036 0.474
Ca/Po )0.005 0.950 )0.071 0.291 )0.062 0.214
Ts/Dh 0.002 0.980 )0.084 0.201 )0.045 0.357
Ts/Pt 0.117 0.108 )0.008 0.902 0.052 0.287
Ts/Dj )0.163 0.024 0.035 0.589 )0.058 0.230
Ts/Mh )0.001 0.987 0.194 0.008 0.102 0.071
Ts/Oa 0.121 0.100 )0.008 0.898 0.057 0.246
Ts/Ic 0.050 0.491 )0.141 0.034 )0.050 0.306
Ts/Sf )0.066 0.360 )0.116 0.076 )0.094 0.052
Ts/Fg 0.059 0.413 )0.053 0.416 )0.004 0.932
Ts/Pf )0.022 0.766 0.053 0.413 0.020 0.674
Ts/Pc )0.015 0.833 )0.013 0.845 )0.015 0.763
Ts/At )0.086 0.234 0.212 0.001 0.077 0.109
Ts/Zf 0.038 0.602 0.209 0.002 0.139 0.005
Ts/Ao )0.060 0.410 )0.062 0.347 )0.061 0.211
Ts/Ft 0.001 0.991 )0.069 0.284 )0.037 0.449
Ts/Oc )0.085 0.239 )0.025 0.701 )0.053 0.280
Ts/Ph )0.103 0.154 0.073 0.268 )0.005 0.913
Ts/Nr )0.076 0.289 0.068 0.303 )0.007 0.879
Ts/Co )0.055 0.450 )0.037 0.580 )0.045 0.354
Ts/Bo )0.034 0.637 n/a n/a )0.023 0.637
Ts/So 0.120 0.104 )0.010 0.882 0.043 0.377
Ts/Lb 0.116 0.112 0.048 0.462 0.079 0.107
Ts/Lo )0.019 0.796 )0.132 0.045 )0.082 0.094
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Ts/As )0.079 0.280 )0.120 0.069 )0.101 0.039
Ts/Om )0.084 0.252 0.047 0.472 )0.005 0.922
Ts/Pn )0.053 0.464 0.019 0.773 )0.010 0.843
Ts/Sq 0.040 0.584 0.135 0.038 0.100 0.039
Ts/Po 0.001 0.987 0.039 0.554 0.027 0.579
Dh/Pt 0.011 0.881 )0.077 0.243 )0.035 0.469
Dh/Dj 0.115 0.110 )0.190 0.004 )0.046 0.350
Dh/Mh 0.121 0.168 )0.087 0.244 0.000 0.994
Dh/Oa 0.046 0.530 )0.033 0.617 0.003 0.958
Dh/Ic 0.042 0.569 0.053 0.426 0.043 0.381
Dh/Sf )0.012 0.868 )0.054 0.417 )0.034 0.484
Dh/Fg )0.023 0.753 )0.060 0.362 )0.041 0.403
Dh/Pf )0.027 0.712 0.044 0.506 0.011 0.820
Dh/Pc )0.007 0.921 0.024 0.718 0.008 0.867
Dh/At 0.028 0.697 )0.096 0.146 )0.039 0.430
Dh/Zf 0.037 0.610 )0.003 0.968 0.019 0.700
Dh/Ao )0.069 0.343 0.028 0.668 )0.019 0.697
Dh/Ft )0.011 0.878 )0.008 0.906 )0.011 0.823
Dh/Oc 0.057 0.430 0.019 0.777 )0.036 0.456
Dh/Ph 0.016 0.829 )0.050 0.454 )0.019 0.697
Dh/Nr )0.050 0.494 0.141 0.034 0.034 0.487
Dh/Co )0.039 0.591 0.022 0.741 )0.014 0.784
Dh/Bo 0.099 0.173 n/a n/a 0.063 0.198
Dh/So 0.079 0.285 0.005 0.939 0.038 0.448
Dh/Lb )0.006 0.934 0.053 0.426 0.015 0.760
Dh/Lo )0.001 0.986 0.033 0.626 0.018 0.721
Dh/As )0.007 0.922 )0.038 0.567 )0.025 0.615
Dh/Om 0.008 0.911 )0.064 0.337 )0.031 0.525
Dh/Pn 0.053 0.464 0.041 0.539 0.049 0.318
Dh/Sq 0.050 0.493 0.049 0.458 0.052 0.287
Dh/Po 0.052 0.469 0.023 0.728 0.042 0.392
Pt/Dj )0.027 0.711 0.103 0.121 0.038 0.438
Pt/Mh )0.024 0.785 )0.068 0.357 )0.041 0.472
Pt/Oa )0.089 0.226 0.164 0.013 0.020 0.688
Pt/Ic 0.116 0.118 )0.036 0.590 0.046 0.348
Pt/Sf 0.002 0.981 )0.051 0.436 )0.025 0.610
Pt/Fg )0.153 0.038 0.011 0.867 )0.072 0.143
Pt/Pf 0.050 0.491 0.044 0.509 0.047 0.340
Pt/Pc 0.083 0.259 )0.018 0.789 0.034 0.487
Pt/At )0.072 0.326 )0.052 0.431 )0.061 0.213
Pt/Zf )0.093 0.206 )0.031 0.644 )0.064 0.194
Pt/Ao )0.049 0.497 0.086 0.192 0.017 0.727
Pt/Ft 0.216 0.003 )0.043 0.514 0.098 0.044
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Pt/Oc 0.029 0.689 )0.053 0.424 )0.013 0.797
Pt/Ph )0.037 0.612 0.091 0.171 0.026 0.603
Pt/Nr )0.076 0.294 )0.001 0.989 )0.037 0.452
Pt/Co )0.046 0.534 0.174 0.010 0.045 0.369
Pt/Bo )0.028 0.698 n/a n/a )0.017 0.736
Pt/So 0.062 0.403 0.153 0.023 0.106 0.033
Pt/Lb )0.118 0.111 0.096 0.148 )0.020 0.690
Pt/Lo 0.039 0.594 0.051 0.446 0.044 0.376
Pt/As )0.043 0.561 )0.007 0.917 )0.024 0.629
Pt/Om 0.122 0.097 )0.065 0.328 0.016 0.746
Pt/Pn )0.014 0.851 )0.025 0.707 )0.024 0.631
Pt/Sq )0.050 0.495 0.030 0.655 )0.008 0.871
Pt/Po )0.026 0.721 )0.016 0.804 )0.029 0.559
Dj/Mh )0.168 0.056 0.072 0.333 0.127 0.026
Dj/Oa )0.043 0.555 )0.109 0.099 )0.062 0.206
Dj/Ic 0.034 0.640 0.037 0.579 0.040 0.415
Dj/Sf 0.031 0.669 0.038 0.567 0.034 0.484
Dj/Fg 0.103 0.156 )0.083 0.201 0.000 1.000
Dj/Pf )0.028 0.703 0.036 0.584 0.006 0.897
Dj/Pc )0.010 0.894 0.085 0.200 0.042 0.395
Dj/At 0.140 0.054 )0.028 0.669 0.055 0.260
Dj/Zf )0.112 0.125 )0.008 0.899 )0.062 0.211
Dj/Ao 0.025 0.733 0.051 0.447 0.039 0.431
Dj/Ft 0.121 0.094 0.011 0.865 0.070 0.149
Dj/Oc )0.011 0.876 )0.032 0.626 )0.021 0.664
Dj/Ph 0.149 0.040 0.068 0.311 0.105 0.033
Dj/Nr 0.006 0.934 0.083 0.215 0.050 0.310
Dj/Co 0.126 0.083 0.138 0.038 0.133 0.007
Dj/Bo 0.173 0.017 n/a n/a 0.128 0.009
Dj/So )0.053 0.473 0.080 0.228 0.020 0.689
Dj/Lb )0.055 0.452 )0.074 0.260 )0.055 0.259
Dj/Lo )0.099 0.173 0.063 0.340 )0.015 0.755
Dj/As )0.060 0.407 0.062 0.354 0.003 0.945
Dj/Om 0.002 0.982 0.081 0.222 0.042 0.388
Dj/Pn )0.004 0.956 )0.022 0.739 )0.019 0.699
Dj/Sq 0.026 0.715 0.097 0.141 0.062 0.204
Dj/Po )0.016 0.825 )0.053 0.422 )0.050 0.304
Mh/Oa )0.007 0.935 )0.068 0.356 )0.010 0.860
Mh/Ic 0.068 0.451 )0.116 0.121 )0.013 0.822
Mh/Sf )0.084 0.342 0.027 0.718 )0.020 0.726
Mh/Fg 0.006 0.944 0.232 0.002 0.128 0.025
Mh/Pf )0.062 0.480 0.067 0.364 0.006 0.912
Mh/Pc )0.081 0.359 0.029 0.696 )0.022 0.705
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Mh/At 0.044 0.618 0.085 0.248 0.067 0.234
Mh/Zf )0.111 0.208 )0.010 0.893 )0.063 0.266
Mh/Ao )0.079 0.367 0.222 0.003 0.085 0.133
Mh/Ft )0.123 0.162 )0.074 0.319 )0.094 0.098
Mh/Oc )0.079 0.370 0.057 0.445 )0.003 0.962
Mh/Ph 0.055 0.530 0.095 0.207 0.076 0.182
Mh/Nr )0.033 0.713 0.000 0.996 )0.003 0.956
Mh/Co 0.001 0.993 )0.047 0.533 )0.011 0.850
Mh/Bo 0.093 0.297 n/a n/a 0.079 0.167
Mh/So )0.114 0.205 )0.083 0.270 )0.097 0.094
Mh/Lb )0.087 0.336 )0.038 0.613 )0.043 0.451
Mh/Lo )0.080 0.368 )0.097 0.196 )0.091 0.115
Mh/As 0.198 0.026 )0.026 0.734 0.093 0.104
Mh/Om 0.006 0.942 )0.042 0.574 )0.021 0.712
Mh/Pn 0.030 0.739 )0.109 0.144 )0.061 0.289
Mh/Sq )0.006 0.944 0.099 0.187 0.045 0.432
Mh/Po )0.057 0.517 0.024 0.748 )0.031 0.592
Oa/Ic )0.043 0.560 )0.085 0.204 )0.054 0.274
Oa/Sf 0.131 0.076 )0.052 0.431 0.044 0.375
Oa/Fg 0.029 0.691 0.054 0.410 0.034 0.493
Oa/Pf )0.021 0.779 )0.132 0.046 )0.069 0.161
Oa/Pc 0.001 0.991 )0.105 0.114 )0.043 0.389
Oa/At )0.090 0.224 )0.052 0.430 )0.069 0.157
Oa/Zf 0.190 0.011 )0.081 0.223 0.055 0.269
Oa/Ao 0.053 0.467 )0.038 0.565 0.009 0.857
Oa/Ft 0.007 0.927 )0.043 0.514 )0.012 0.809
Oa/Oc )0.001 0.986 0.039 0.558 0.016 0.749
Oa/Ph )0.017 0.812 0.044 0.513 0.008 0.876
Oa/Nr 0.109 0.137 )0.001 0.985 0.079 0.108
Oa/Co 0.053 0.471 )0.026 0.704 0.029 0.554
Oa/Bo )0.035 0.630 n/a n/a )0.019 0.695
Oa/So 0.118 0.116 )0.052 0.438 0.028 0.573
Oa/Lb 0.160 0.032 0.016 0.804 0.116 0.020
Oa/Lo )0.003 0.968 0.051 0.446 0.020 0.680
Oa/As 0.028 0.707 )0.007 0.917 0.016 0.747
Oa/Om 0.088 0.232 )0.065 0.328 0.001 0.988
Oa/Pn )0.052 0.484 0.037 0.579 )0.015 0.759
Oa/Sq )0.062 0.398 0.116 0.080 0.023 0.648
Oa/Po )0.060 0.415 0.085 0.200 )0.003 0.954
Ic/Sf 0.178 0.016 )0.006 0.926 0.078 0.113
Ic/Fg )0.077 0.299 0.102 0.126 0.018 0.711
Ic/Pf )0.169 0.022 0.007 0.915 )0.072 0.147
Ic/Pc )0.015 0.839 )0.003 0.970 )0.006 0.900
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Ic/At 0.090 0.222 )0.057 0.390 0.016 0.740
Ic/Zf )0.062 0.406 )0.001 0.993 )0.032 0.519
Ic/Ao )0.048 0.511 )0.110 0.099 )0.083 0.094
Ic/Ft 0.083 0.256 0.077 0.251 0.082 0.098
Ic/Oc )0.093 0.205 )0.112 0.095 )0.102 0.040
Ic/Ph 0.098 0.181 0.014 0.831 0.053 0.285
Ic/Nr 0.085 0.248 0.023 0.726 0.064 0.196
Ic/Co )0.044 0.553 0.015 0.829 )0.015 0.763
Ic/Bo 0.039 0.598 n/a n/a 0.031 0.532
Ic/So 0.003 0.968 )0.059 0.381 )0.037 0.468
Ic/Lb )0.101 0.177 )0.035 0.602 )0.063 0.210
Ic/Lo )0.090 0.225 0.044 0.510 )0.018 0.712
Ic/As )0.079 0.287 )0.063 0.348 )0.068 0.169
Ic/Om 0.113 0.127 )0.080 0.233 )0.001 0.980
Ic/Pn 0.025 0.732 0.031 0.638 0.025 0.614
Ic/Sq 0.000 1.000 )0.007 0.919 )0.009 0.860
Ic/Po 0.037 0.611 )0.052 0.438 )0.028 0.572
Sf/Fg 0.248 0.001 0.130 0.046 0.182 0.000
Sf/Pf )0.033 0.649 )0.053 0.423 )0.044 0.368
Sf/Pc )0.005 0.946 0.005 0.944 0.000 0.998
Sf/At 0.017 0.817 0.042 0.522 0.030 0.534
Sf/Zf 0.029 0.689 )0.076 0.251 )0.029 0.549
Sf/Ao )0.118 0.102 )0.011 0.868 )0.060 0.219
Sf/Ft )0.001 0.988 )0.084 0.201 )0.043 0.370
Sf/Oc )0.122 0.090 0.087 0.189 )0.011 0.822
Sf/Ph 0.098 0.177 0.052 0.439 0.073 0.138
Sf/Nr 0.216 0.003 )0.032 0.625 0.095 0.053
Sf/Co 0.035 0.627 )0.078 0.243 )0.017 0.728
Sf/Bo 0.158 0.030 n/a n/a 0.105 0.032
Sf/So )0.070 0.344 0.017 0.801 )0.019 0.703
Sf/Lb 0.079 0.283 )0.018 0.789 0.031 0.534
Sf/Lo 0.000 0.996 )0.053 0.426 )0.029 0.557
Sf/As )0.023 0.754 )0.084 0.208 )0.055 0.264
Sf/Om 0.030 0.683 0.042 0.523 0.037 0.454
Sf/Pn )0.108 0.138 )0.019 0.773 )0.056 0.250
Sf/Sq 0.010 0.886 0.017 0.792 0.014 0.770
Sf/Po 0.036 0.622 )0.186 0.005 )0.100 0.039
Fg/Pf 0.027 0.707 0.029 0.657 0.028 0.563
Fg/Pc )0.045 0.545 0.056 0.399 0.011 0.828
Fg/At 0.000 1.000 )0.036 0.577 )0.021 0.669
Fg/Zf 0.000 0.995 )0.012 0.855 )0.005 0.923
Fg/Ao )0.001 0.985 0.075 0.254 0.041 0.407
Fg/Ft )0.068 0.347 )0.155 0.017 )0.115 0.018
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Fg/Oc 0.045 0.536 0.082 0.217 0.064 0.189
Fg/Ph 0.031 0.666 )0.007 0.919 0.011 0.828
Fg/Nr )0.064 0.378 0.018 0.787 )0.027 0.577
Fg/Co 0.090 0.218 )0.090 0.175 0.004 0.936
Fg/Bo 0.144 0.048 n/a n/a 0.093 0.059
Fg/So )0.087 0.238 )0.059 0.372 )0.070 0.158
Fg/Lb 0.133 0.070 )0.004 0.951 0.060 0.223
Fg/Lo 0.050 0.496 0.023 0.723 0.035 0.469
Fg/As 0.026 0.717 )0.125 0.058 )0.056 0.255
Fg/Om )0.086 0.243 )0.069 0.298 )0.074 0.132
Fg/Pn 0.019 0.800 0.066 0.315 0.048 0.320
Fg/Sq 0.061 0.408 0.049 0.454 0.055 0.260
Fg/Po )0.089 0.219 )0.026 0.688 )0.041 0.402
Pf/Pc 0.030 0.682 0.114 0.086 0.076 0.121
Pf/At 0.078 0.283 0.069 0.289 0.073 0.132
Pf/Zf 0.037 0.613 0.015 0.826 0.024 0.623
Pf/Ao 0.084 0.245 0.021 0.749 0.051 0.295
Pf/Ft )0.052 0.475 )0.022 0.735 )0.036 0.453
Pf/Oc 0.120 0.098 )0.110 0.097 )0.003 0.956
Pf/Ph )0.047 0.523 0.046 0.491 0.004 0.937
Pf/Nr )0.051 0.488 )0.021 0.754 )0.034 0.496
Pf/Co )0.002 0.976 0.016 0.808 0.007 0.893
Pf/Bo )0.129 0.076 n/a n/a )0.086 0.079
Pf/So )0.014 0.846 0.030 0.651 0.012 0.811
Pf/Lb )0.017 0.818 )0.083 0.208 )0.049 0.323
Pf/Lo 0.038 0.601 )0.143 0.031 )0.062 0.210
Pf/As 0.153 0.035 )0.006 0.931 0.070 0.156
Pf/Om )0.124 0.089 )0.020 0.762 )0.062 0.204
Pf/Pn )0.020 0.781 0.022 0.741 0.005 0.926
Pf/Sq 0.083 0.251 0.030 0.644 0.049 0.313
Pf/Po )0.040 0.579 )0.085 0.200 )0.065 0.180
Pc/At 0.109 0.137 )0.028 0.673 0.036 0.465
Pc/Zf 0.029 0.691 )0.060 0.371 )0.022 0.657
Pc/Ao )0.047 0.518 0.020 0.766 )0.012 0.811
Pc/Ft )0.125 0.087 )0.091 0.170 )0.107 0.030
Pc/Oc 0.016 0.823 )0.026 0.692 )0.008 0.877
Pc/Ph )0.001 0.986 0.097 0.148 0.052 0.292
Pc/Nr )0.090 0.217 0.056 0.405 )0.017 0.736
Pc/Co 0.083 0.257 )0.026 0.700 0.031 0.534
Pc/Bo )0.098 0.183 n/a n/a )0.064 0.196
Pc/So 0.157 0.035 )0.011 0.876 0.057 0.251
Pc/Lb )0.188 0.011 0.032 0.634 )0.078 0.115
Pc/Lo 0.057 0.442 )0.125 0.061 )0.043 0.383
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Pc/As 0.124 0.092 )0.001 0.983 0.058 0.241
Pc/Om )0.097 0.188 )0.045 0.500 )0.067 0.174
Pc/Pn 0.023 0.753 0.020 0.765 0.020 0.690
Pc/Sq )0.048 0.511 0.048 0.473 0.011 0.831
Pc/Po )0.028 0.701 0.040 0.548 0.011 0.823
At/Zf )0.043 0.556 0.023 0.731 )0.009 0.858
At/Ao 0.077 0.287 )0.044 0.510 0.013 0.788
At/Ft )0.061 0.400 )0.048 0.461 )0.054 0.267
At/Oc 0.022 0.758 0.021 0.750 0.022 0.655
At/Ph 0.120 0.100 0.001 0.985 0.056 0.254
At/Nr 0.043 0.550 )0.020 0.764 0.015 0.759
At/Co 0.277 0.000 )0.027 0.681 0.132 0.007
At/Bo )0.026 0.724 n/a n/a )0.017 0.726
At/So )0.050 0.495 )0.058 0.383 )0.055 0.267
At/Lb )0.108 0.140 )0.070 0.288 )0.087 0.075
At/Lo )0.165 0.024 )0.071 0.281 )0.155 0.019
At/As )0.035 0.634 )0.020 0.764 )0.026 0.590
At/Om )0.065 0.371 0.001 0.993 )0.029 0.554
At/Pn )0.015 0.833 )0.094 0.150 )0.061 0.211
At/Sq 0.076 0.295 0.018 0.780 0.038 0.436
At/Po )0.089 0.221 )0.083 0.208 )0.086 0.077
Zf/Ao 0.114 0.118 )0.116 0.082 )0.015 0.764
Zf/Ft )0.130 0.076 0.068 0.305 )0.027 0.589
Zf/Oc 0.023 0.747 )0.034 0.613 )0.009 0.862
Zf/Ph 0.105 0.150 )0.117 0.081 )0.019 0.703
Zf/Nr )0.008 0.917 0.012 0.857 )0.005 0.919
Zf/Co )0.011 0.884 )0.075 0.266 )0.044 0.378
Zf/Bo )0.056 0.443 n/a n/a )0.042 0.402
Zf/So 0.166 0.025 )0.018 0.786 0.057 0.257
Zf/Lb 0.135 0.069 )0.045 0.500 0.035 0.485
Zf/Lo 0.081 0.273 )0.117 0.081 )0.029 0.558
Zf/As )0.026 0.729 )0.106 0.114 )0.072 0.147
Zf/Om )0.082 0.266 0.013 0.843 )0.020 0.686
Zf/Pn 0.096 0.193 )0.031 0.642 0.023 0.636
Zf/Sq )0.026 0.720 )0.016 0.814 )0.013 0.787
Zf/Po 0.099 0.177 0.040 0.544 0.072 0.145
Ao/Ft 0.093 0.199 0.094 0.155 0.093 0.056
Ao/Oc )0.044 0.541 )0.041 0.537 )0.043 0.384
Ao/Ph )0.050 0.489 0.106 0.112 0.034 0.483
Ao/Nr )0.087 0.230 0.108 0.105 0.006 0.903
Ao/Co )0.030 0.682 )0.021 0.752 )0.026 0.605
Ao/Bo )0.019 0.797 n/a n/a )0.013 0.798
Ao/So 0.123 0.094 )0.044 0.518 0.026 0.605
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Ao/Lb 0.005 0.941 )0.050 0.456 )0.019 0.700
Ao/Lo )0.112 0.126 )0.019 0.773 )0.062 0.211
Ao/As )0.071 0.331 0.181 0.007 0.061 0.216
Ao/Om )0.045 0.536 0.037 0.576 0.003 0.952
Ao/Pn )0.059 0.419 0.000 0.996 )0.024 0.622
Ao/Sq )0.033 0.652 )0.048 0.473 )0.042 0.397
Ao/Po )0.061 0.396 )0.039 0.557 )0.046 0.344
Ft/Oc )0.060 0.403 0.048 0.469 )0.006 0.903
Ft/Ph 0.003 0.970 0.133 0.046 0.067 0.173
Ft/Nr )0.054 0.458 0.006 0.925 )0.023 0.640
Ft/Co )0.039 0.592 0.174 0.008 0.053 0.275
Ft/Bo )0.024 0.738 n/a n/a )0.015 0.758
Ft/So )0.045 0.541 )0.047 0.473 )0.047 0.341
Ft/Lb 0.029 0.693 0.022 0.741 0.030 0.544
Ft/Lo )0.082 0.259 0.117 0.075 0.020 0.685
Ft/As )0.092 0.206 0.140 0.034 0.024 0.622
Ft/Om 0.042 0.562 0.103 0.119 0.073 0.134
Ft/Pn )0.079 0.279 0.111 0.089 0.023 0.629
Ft/Sq )0.043 0.557 )0.052 0.424 )0.049 0.309
Ft/Po )0.079 0.270 )0.057 0.382 )0.069 0.154
Oc/Ph )0.109 0.131 )0.028 0.678 )0.066 0.180
Oc/Nr 0.054 0.456 )0.081 0.227 )0.008 0.868
Oc/Co )0.042 0.557 )0.029 0.663 )0.036 0.468
Oc/Bo )0.026 0.714 n/a n/a )0.018 0.720
Oc/So 0.063 0.390 0.025 0.707 0.041 0.413
Oc/Lb 0.069 0.348 0.067 0.312 0.069 0.163
Oc/Lo 0.099 0.172 0.100 0.135 0.099 0.043
Oc/As 0.027 0.710 0.029 0.661 0.028 0.563
Oc/Om 0.035 0.633 )0.007 0.920 0.010 0.832
Oc/Pn 0.058 0.426 0.064 0.338 0.060 0.221
Oc/Sq )0.047 0.518 )0.066 0.323 )0.058 0.235
Oc/Po 0.124 0.086 )0.049 0.464 0.016 0.747
Ph/Nr 0.046 0.527 0.034 0.615 0.038 0.442
Ph/Co 0.037 0.607 0.094 0.167 0.062 0.212
Ph/Bo 0.046 0.522 n/a n/a 0.031 0.530
Ph/So )0.064 0.387 )0.069 0.310 )0.066 0.186
Ph/Lb 0.007 0.922 )0.018 0.784 )0.005 0.914
Ph/Lo )0.172 0.019 0.011 0.869 )0.073 0.143
Ph/As 0.019 0.795 )0.008 0.909 0.005 0.921
Ph/Om 0.036 0.623 0.006 0.925 0.019 0.702
Ph/Pn 0.065 0.375 0.062 0.352 0.063 0.198
Ph/Sq 0.080 0.271 )0.022 0.739 0.016 0.746
Ph/Po 0.004 0.956 )0.106 0.115 )0.060 0.219
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Nr/Co 0.088 0.227 )0.039 0.569 0.045 0.365
Nr/Bo )0.050 0.492 n/a n/a )0.028 0.565
Nr/So )0.024 0.745 )0.078 0.246 )0.056 0.265
Nr/Lb )0.018 0.802 )0.046 0.489 )0.015 0.762
Nr/Lo 0.042 0.566 0.024 0.721 0.031 0.531
Nr/As 0.168 0.021 )0.074 0.271 0.060 0.225
Nr/Om 0.051 0.480 )0.051 0.449 )0.008 0.868
Nr/Pn 0.025 0.727 )0.054 0.419 )0.025 0.617
Nr/Sq )0.011 0.875 )0.032 0.634 )0.032 0.519
Nr/Po 0.141 0.053 )0.043 0.516 0.016 0.742
Co/Bo )0.017 0.816 n/a n/a )0.010 0.843
Co/So )0.033 0.653 )0.027 0.681 )0.031 0.531
Co/Lb 0.020 0.783 )0.035 0.605 0.004 0.928
Co/Lo 0.039 0.590 )0.037 0.577 0.003 0.944
Co/As 0.130 0.075 0.205 0.002 0.163 0.001
Co/Om 0.099 0.174 )0.035 0.603 0.030 0.551
Co/Pn 0.164 0.025 )0.048 0.477 0.054 0.274
Co/Sq 0.158 0.030 )0.031 0.640 0.047 0.336
Co/Po 0.050 0.488 0.025 0.711 0.026 0.600
Bo/So )0.021 0.779 n/a n/a )0.015 0.756
Bo/Lb 0.099 0.175 n/a n/a 0.086 0.081
Bo/Lo 0.004 0.952 n/a n/a 0.002 0.962
Bo/As )0.040 0.579 n/a n/a )0.026 0.597
Bo/Om )0.026 0.723 n/a n/a )0.020 0.690
Bo/Pn )0.035 0.635 n/a n/a )0.026 0.595
Bo/Sq )0.019 0.797 n/a n/a )0.016 0.743
Bo/Po )0.035 0.626 n/a n/a )0.032 0.509
So/Lb 0.069 0.347 0.294 0.000 0.175 0.000
So/Lo 0.148 0.045 0.121 0.070 0.132 0.008
So/As 0.004 0.956 0.166 0.014 0.094 0.059
So/Om )0.050 0.495 0.140 0.037 0.071 0.154
So/Pn 0.026 0.726 0.125 0.060 0.090 0.068
So/Sq 0.123 0.094 0.016 0.812 0.054 0.275
So/Po 0.296 0.000 0.004 0.948 0.107 0.031
Lb/Lo 0.093 0.206 0.136 0.038 0.110 0.024
Lb/As )0.077 0.294 )0.049 0.457 )0.060 0.220
Lb/Om 0.017 0.814 0.025 0.708 0.015 0.753
Lb/Pn 0.010 0.895 0.058 0.374 0.026 0.592
Lb/Sq 0.089 0.223 0.049 0.453 0.055 0.265
Lb/Po )0.053 0.466 0.068 0.304 )0.007 0.884
Lo/As 0.162 0.026 0.120 0.070 0.139 0.005
Lo/Om 0.037 0.608 0.022 0.735 0.029 0.550
Lo/Pn 0.212 0.004 0.198 0.003 0.204 0.000
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Lo/Sq 0.191 0.009 0.096 0.145 0.130 0.008
Lo/Po 0.157 0.032 0.125 0.059 0.134 0.006
As/Om 0.103 0.157 0.191 0.004 0.151 0.002
As/Pn 0.234 0.001 0.010 0.881 0.103 0.034
As/Sq 0.108 0.137 0.072 0.275 0.082 0.094
As/Po 0.120 0.098 0.064 0.335 0.079 0.107
Om/Pn 0.227 0.002 0.103 0.118 0.152 0.002
Om/Sq )0.045 0.536 0.049 0.456 0.021 0.664
Om/Po )0.012 0.868 0.094 0.155 0.065 0.182
Pn/Sq 0.241 0.001 0.195 0.003 0.213 0.000
Pn/Po 0.057 0.431 0.135 0.039 0.116 0.017
Sq/Po 0.134 0.064 0.187 0.004 0.181 0.000
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